Molecular mechanisms underlying the thermal stability and acid-induced unfolding of CHABII by WEI ZHENG
 MOLECULAR MECHANISMS UNDERLYING THE 
THERMAL STABILITY AND ACID-INDUCED 













A THESIS SUBMITTED  
FOR THE DEGREE OF MASTER OF SCIENCE 
DEPARTMENT OF BIOLOGICAL SCIENCES 
NATIONAL UNIVERSITY OF SINGAPORE 
2005 
    I
Acknowledgements 
Firstly, I’d like to extend as many thanks as possible to my supervisor, Dr. 
Song Jianxing. During my graduate study in the past two years, he not only 
provided me a lot of useful instructions on my project, but also generously 
shared his valuable scientific experience with me. He always gave me courage 
to overcome all the obstacles in my research. His patience and consideration 
also allowed me to work happily and comfortably in the lab everyday. I learned 
a lot from his great enthusiasm for science and life, which, I believe, will 
benefit me a lot along all my life.  
I also want to express my gratitude to all my labmates. They were very 
warm-hearted and friendly, giving me help whenever I needed. They were 
always open for discussion and shared their stimulating ideas with me. I really 
cherished our valuable friendship and enjoyed all the days spent with them.  
Furthermore, I really appreciate all the support and kindly help from all 
my friends. Their encouragements always gave me energy and I therefore never 
felt lonely. Their experience also enriched my life, and my life became colorful 
because of them.  
Especially, I want to take this opportunity to give my gratitude to my 
parents, who gave all of their love to me and shared all my happiness and 
sadness, successes and failures during the past 24 years. 
Finally, I am grateful to National University of Singapore for providing 
me a research scholarship, which guaranteed my research and living in 
    II
Singapore. Living and studying here has been a wonderful experience in my 
life. 





List of Table(s) VIII 
List of Figures IX 
List of Symbols and Abbreviations XI 
Publication List XIII 
  
CHAPTER I.  Introduction
Part I.  Protein Folding and Stability 1 
1.1.1. Overview of Protein Folding Theories 1 
1.1.1.1 Framework Model  
1.1.1.2. Hydrophobic Collapse Model  
1.1.1.3. Nucleation-Condensation Model  
1.1.1.4. Energy Landscape Theory  
1.1.2 Molten Globules 6 
1.1.2.1. Structural Characteristics of Molten Globules  
1.1.2.1.1. Compactness  
1.1.2.1.2. Secondary Structure and Native-like Tertiary Fold  
1.1.2.1.3. Dynamics and Hydration  
1.1.2.2. Kinetic Role of Molten Globules in Folding  
1.1.2.2.1. Equilibirium Intermediates=Kinetic Intermediates  
1.1.2.2.2. On-pathway or Off-Pathway Intermediates  
1.1.3. Cooperativity of Protein Unfolding 17 
1.1.4. Protein Stability 20 
1.1.4.1. Van der Waal interactions  
1.1.4.2. Hydrophobic interactions  
1.1.4.3. Hydrogen Bonds  
    IV
1.1.4.4. Electrostatic Interactions  
1.1.4.5. Conformational Entropy  
1.1.4.6. Disulfide Bonds  
1.1.5. Previous Studies about CHABII 24 
Part II. Fundamentals of NMR 26 
1.2.1. Nuclear Spins and NMR Signals 26 
1.2.2. Several NMR Parameters 27 
1.2.2.1. Chemical Shift  
1.2.2.2. Coupling Constant  
1.2.2.3. Nuclear Overhauser Enhancement (NOE)  
1.2.3. Structure Calculation 30 
       1.2.4. Chemical Exchanges Measured by NMR 30 
Part III. Objectives 32 
  
CHAPTER II.  Material and Methods 
2.1. Gene Syntheses of CHABII and [Phe21]-CHABII 34 
2.2. Expression Vector Construction 35 
2.3. Preparation of Competent E.coli Cells 36 
2.4. Transformation of E.coli Cells 36 
2.5. Protein Expression and Purification 37 
2.6. Determination of Protein Concentration by Spectroscopy 39 
2.7. Refolding of CHABII and [Phe21]-CHABII In vitro 39 
2.8. CD Characterization of pH-induced and Thermal Unfolding 40 
2.9. NMR Experiments and Structure Calculations 40 
  
Chapter III.  Results and Discussion 
3.1. Expression Vector Construction 43 
3.2. Protein Expression and Purification 46 
3.3. Refolding of CHABII and [Phe21]-CHABII in vitro 48 
3.4. pH-induced Unfolding Characterized by CD 51 
    V
3.5. Thermal Unfolding Characterized by CD 53 
3.6. NMR Resonance Assignments and Three-dimensional 
Structure Determination 56 
  3.6.1. Sequential Assignments 56 
  3.6.2. Conformational shifts 57 
  3.6.3. NOE Patterns and Assignments 59 
  3.6.4. 3D Structure Determination 65 
3.7. pH-induced unfolding monitored by HSQC spectroscopy 69 





Proton Chemical Shifts of CHABII at pH 6.3 and 293 K  
Proton Chemical Shifts of CHABII at pH 4.0 and 293 K  
Proton Chemical Shifts of [Phe21]-CHABII at pH 6.3 and 293 K  
Proton Chemical Shifts of [Phe21]-CHABII at pH 4.0 and 293 K  
 
    VI
Summary 
 The 37-residue protein CHABII was previously demonstrated to undergo 
a gradual pH-induced unfolding. It has been shown that even at pH 4.0 
CHABII still retained a highly native-like secondary structure and tertiary 
topology although its tight side-chain packing was severely-disrupted, typical 
of the molten globule state. In this regard, CHABII at pH 4.0 may offer an 
attractive model for deeper understanding of the molten globule state or 
partially-folded proteins. In the present study, we expressed and refolded the 
recombinant proteins of CHABII and its mutant [Phe21]-CHABII, and 
subsequently conducted extensive CD and NMR characterizations. The results 
indicated: 1) Replacement of His21 by Phe in [Phe21]-CHABII eliminated the 
pH-induced unfolding from pH 6.5 to 4.0, indicating the critical role of His21 
in the pH-induced unfolding of CHABII. Further examination revealed that 
although the pH-induced unfolding of CHABII was also triggered by the 
protonation of His residue as previously observed for apomyoglobin, their 
molecular mechanisms are very different. 2) Replacement of His21 by Phe with 
higher side chain hydrophobicity caused no significant structural rearrangement 
but considerably enhanced the packing interaction of the hydrophobic core, as 
evident from a dramatic increase in NOE contacts in [Phe21]-CHABII. The 
enhancement led to an increase of the thermal stability of [Phe21]-CHABII by 
~17 degree. This observation highlights the complexity of determinants of 
protein thermal stability and further implies the limitation to rationalize protein 
    VII
stability only based on the three-dimensional structure knowledge. 3) 
Monitoring the pH-induced unfolding by 1H-15N HSQC spectroscopy allowed 
to visualize the gradual development of the CHABII molten globule. At pH 4.0, 
the HSQC spectrum of CHABII was poorly-dispersed with dispersions of ~1 
ppm over proton dimension and 10 ppm over 15N dimension, characteristic of 
severely or even “completely unfolded” proteins. On the other hand, 
unambiguous assignments of persistent NOEs, in particular medium- and 
long-range NOEs defining tertiary packing, indicated that CHABII at pH 4.0 
also had a highly native-like topology. This strongly implies that the degree of 
the native-like topology might be significantly underestimated in the previous 
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Chapter I. Introduction 
 
Part I.  Protein Folding and Stability 
 
Proteins play a key role in all living organisms. Since the biological activity 
of a protein is closely related to its three dimensional structure, protein folding 
by which an unfolded polypeptide chain folds into its native structure is a critical 
process for a protein to fulfill its functions. In vivo, after synthesized on 
ribosome, proteins fold into their specific structures rapidly and efficiently with 
the assistance from a lot of factors, such as some proteins known as chaperones. 
Fortunately, in vitro, many proteins are also able to fold into their native 
structures successfully under certain conditions, thus making it possible for 
scientists to have an insight into the folding mechanisms.  
Indeed, protein folding is a very fast event usually completed within the 
microsecond time range. Due to the transient nature of the kinetics intermediates, 
our high-resolution knowledge about protein folding intermediates is still very 
limited. However, with applications of many newly developed techniques as 
well as the advances in theories, great progress has been achieved in this field 
during the past several decades, although many issues still remain controversial.  
  
1.1.1. Overview of Protein Folding Theories 
    The first milestone in the field of protein folding was the studies carried out 
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on ribonuclease by Anfinsen and his colleagues in the 1950’s. The surprising 
phenomenon was observed that ribonuclease, a 124 amino acid residue protein 
containing eight sulfhydryl groups, could refold reversibly after full denaturation 
by reductive breaking of its four disulfide bonds. Consequently, 
“thermodynamic hypothesis” was brought out, that is, the native conformation 
of a protein among all possible conformations is the one with the lowest Gibbs 
free energy of the whole system and thus totally determined by the amino acid 
sequence (Anfinsen, 1973). 
In 1968, Levinthal pointed out that there are so numerous possible 
conformations of a polypeptide chain that it is impossible for a protein to search 
all of them in a finite period before it falls into its energy minimum (Levinthal, 
1968). To resolve this famous “Levinthal paradox”, Levinthal assumed that 
protein folding should not be under thermodynamic control but kinetic control, 
implying the existence of some specific folding pathways proteins should follow. 
Therefore, intensive efforts were exerted with an intention to find out the 
solution to the paradox during the following years. Based on the results obtained 
from different proteins by adopting different experimental techniques or 
theoretical methods, many models have been proposed, among which several are 
most popular and briefly introduced as following:  
1.1.1.1. Framework Model   
Assuming that protein folding is under kinetic control, it was reasonable to 
predict that proteins fold through a series of intermediates. Proteins were 
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proposed to initiate folding with quick formation of local secondary structures, 
which fluctuate as a scaffold, and then acquire their rigid tertiary structures. This 
hypothesis was named as the framework model (Kim et al., 1982; Ptitsyn, 1995), 
which has been supported by many experimental evidences obtained in classical 
folding studies including the detections of equilibrium unfolding intermediates 
in lots of globular proteins with a native-like secondary structure without a tight 
tertiary packing.   
1.1.1.2. Hydrophobic Collapse Model   
Hydrophobic collapse model was proposed mainly based on computational 
simulations of simple lattice models (Dill et al., 1995). Very different from the 
framework model, this model suggested the global hydrophobic interactions as 
the main driving force in protein folding, which initiate the quick formation of 
the compact hydrophobic core at the beginning of protein folding while the 
formation of the secondary structures can happen concomitantly or following the 
formation of the hydrophobic core. Many typical characteristics of protein 
folding such as two-state cooperativity, secondary and tertiary structures as well 
as multi-state kinetics could be explained by this model. Besides, this model was 
directly or indirectly supported by some recent experimental results. For 
instance, a network of hydrophobic clusters with cooperative, long-range 
interactions was observed in the 8 M urea-denatured hen lysozyme (Baldwin, 
2002; Klein-Seetharaman et al., 2002). For another instance, measurement of 
dynamics of the hydrophobic collapse of BBL showed that the formation of 
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hydrophobic core was even faster than the formation of secondary structures 
(Sadqi et al., 2003). However, this model has its intrinsic drawback namely the 
loss of atomic resolutions in computational simulation.     
1.1.1.3. Nucleation-Condensation Model   
Successful integration of protein engineering into protein folding 
investigations contributed much to the generation of the nucleation-condensation 
model, which may be considered as a hybrid of the above-mentioned two 
models as formations of both secondary structures and tertiary hydrophobic 
interactions are proposed to happen simultaneously in this model (Fersht, 1997; 
Fersht et al., 2002). Since most small proteins show simple two-state kinetics 
without any accumulation of intermediates, only one rate-limiting transition 
state is considered between the denatured and the native states. In the studies of 
these small proteins, site-directed mutagenesis in combination with Ф-value 
analysis was developed as a powerful method to obtain the structural 
information involved in the transition states at atomic level. Ф equals to the ratio 
of the free energy change of formation of the transition state ( UTSG −∆∆ ) to that 
of folding ( NUG∆∆ ) upon a single mutation, that is, NUUTS GG ∆∆∆∆=Φ − . 
0=Φ  indicates that the mutated residue is as unfolded in the transition state as 
in the unfolded state; however, 1=Φ  implies the residue has already formed 
all the native contacts in the transition state. Based on Ф-value analysis, 
nucleation-condensation model suggested the formation of a large, diffuse 
nucleus comprising both neighbouring residues in local secondary structures and 
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long-range tertiary interactions in the transition state. Thus, the formation of the 
nucleus and the formation of structure elsewhere are coupled and no 
intermediate was assumed to be necessary in this model. This model could 
overcome “Levinthal paradox” considering the fact that conformational 
preferences for the native state were observed to exist in some regions of a 
protein, which initially help to reduce the number of possible conformations 
dramatically. At the same time, this model could also explain the observations of 
the folding intermediates in large proteins by assuming that large proteins fold 
by multinucleation. Therefore, a stable folding intermediate will be detectable if 
individual nuclei are quite stable and the docking of them becomes rate-limiting.  
However, a recent detailed structural analysis about the folding 
intermediate of Rd-apodytochrome b562 by both NMR spectroscopy and Ф-value 
analysis revealed that some core hydrophobic residues with significant 
non-native interactions in the intermediate had normal Ф values from 0 to 1, 
indicating that non-native interactions might be undetectable in the common 
Ф-value analysis (Feng et al., 2004).  
1.1.1.4. Energy Landscape Theory  
In 1990s, a “new view” of protein folding emerged from a combination of 
theoretical and experimental approaches. This model replaced the classic 
concept of the specific folding pathway with a description of protein folding in 
term of statistical ensembles and emphasized the extreme heterogeneity of 
folding process (Dobson et al., 1999). This new model introduced some new 
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concepts such as “energy landscape” and “folding funnel” into the depiction of 
folding reactions. An energy landscape represents the free energy of each 
conformation as a function of the degrees of freedom. From the denatured state 
with many degrees of freedom to the final native state almost without any 
freedom, protein folding was described as a progressive reduction of the 
accessible conformational space (Dill et al., 1997). The model proposed that the 
enthalpy and entropy differences between the denatured and folded states restrict 
the conformational search in a limited space with a “funnel-like” shape rather 
than through the huge possibilities proposed by Levinthal (Dobson et al., 1999). 
Furthermore, due to the bumpiness of the landscape, protein molecules can be 
trapped and accumulated at local minima before they finally fall into the global 
minimum, so folding intermediates and multi-state kinetics can be observed 
(Dill et al., 1997). It’s plausible that this model can provide a unified folding 
mechanism since the differences existing among protein folding behaviors 
become reasonable based on this model. Results from some experiments were 
also consistent with this model: heterogeneities were observed in many folding 
intermediates; furthermore, parallel pathways have been revealed and mapped in 
some proteins (Radford et al., 1992; Wright et al., 2003). However, to validate 
this new view, more solid experimental evidences are needed.   
 
1.1.2 Molten Globules 
The equilibrium unfolding intermediates continuously received a lot of 
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attentions from experimentalists since the deep understanding of their natures 
and their roles in the folding reaction will be definitely helpful for scientists to 
reveal the folding mechanism finally. All these intermediates, which have 
native-like secondary structures but lack tight tertiary packing, were proposed to 
be in a physical state different from native and unfolded states, called “molten 
globule state” (Ohgushi et al., 1983). 
A great discovery related to the molten globule came from Kuwajima’s 
group (Kuwajima et al., 1976). When they studied GdmCl-induced unfolding 
transition of bovine α-Lactalbumin (α-LA) by circular dichroism (CD), they 
found the transition curves in near-UV CD (270nm) and far-UV CD (222nm) 
were not coincident. A great decrease in ellipticity at 270nm happened earlier, 
indicating the loss of tight tertiary packing, while the decrease in ellipticity at 
222nm corresponding to the disruption of secondary structure took place later. 
This result implied the existence of an intermediate state with native-like 
secondary structures but no rigid side-chain packing.  
Many other groups also detected and reported the existence of molten 
globule state in the unfolding of different globular proteins including 
Ca2+-binding lysosyme, apomyoglobin (apoMb), cytochrome c (cyt c), 
ribonuclease HI (RNase HI), β-lactoglobulin (β-LG), staphylococcal nuclease 
(SNase), carbonic anhydrase, β-lactamase and so on. As typical models, the 
molten globule states of all these proteins as well as α-Lactalbumin were studied 
intensively and well characterized (Arai et al., 2000). 
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1.1.2.1. Structural Characteristics of Molten Globules 
Normally, molten globules are observed under mildly denaturing conditions, 
such as acid or alkaline pH with or without stabilizing ions, moderate 
concentrations of a strong denaturant, increased temperature and etc. Studies on 
these molten globules have revealed some common structural characteristics 
they share: 
1.1.2.1.1. Compactness   
Quite a few of techniques can be applied to determine the molecular size of 
a protein, such as viscosity measurement, size-exclusion chromatography, 
solution X-ray scattering and so on. Convincing evidence of the compactness of 
the molten globule state came from the intrinsic viscosity measurements of 
human and bovine α-Lactalbumin (Dolgikh et al., 1981; Ptitsyn, 1995). For both 
human and bovine α-Lactalbumin, their intrinsic viscosities under pH-denatured 
conditions were quite similar to their corresponding native states. However, the 
GdmCl-unfolded states of both proteins showed about two-fold larger intrinsic 
viscosities than their native counterparts. Similar result was later obtained from 
synchrotron small-angle X-ray scattering measurement (Kataoka et al., 1997; 
Arai et al., 2000). The radius of gyration (Rg) of the α-Lactalbumin molten 
globule was only 10% larger than the Rg of the native state. In contrast, the 
unfolded α-Lactalbumin had an Rg twice larger than the native one. 
Compactness definitely is not a property exclusive to the α-Lactalbumin molten 
globule. The difference in the retention time of size-exclusion chromatography 
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showed that the molten globule states of both carbonic anhydrase and 
β-lactamase had a hydrodynamic radius only 15~16% larger than the native 
states (Uversky et al., 1994; Ptitsyn, 1995b). X-ray scattering of other proteins 
showed that the molten globule was a compact molecule with a radius of 
gyration only 10~30% larger than that of the protein in the native state (Arai et 
al., 2000). 
1.1.2.1.2. Secondary Structure and Native-like Tertiary Fold 
A great decrease in near-UV CD and serious line-broadening in NMR 
spectroscopy indicate the absence of tight side-chain packing in the molten 
globule state. However, a significant amount of secondary structure elements are 
still preserved in the molten globule as directly evidenced by far-UV CD. As 
previously mentioned, signals in the far-UV CD spectrum of α-Lactalbumin 
molten globule strongly indicated the presence of a native-like secondary 
structure (Kuwajima, 1989). Besides, hydrogen-exchange technique combined 
with 2D-NMR spectroscopy clearly showed that the amide protons in helical 
structures of α-Lactalbumin molten globule were relatively well protected 
(Baldwin, 1993; Schulman et al., 1995). Similar results were obtained in the 
studies of other molten globules, such as apomyoglobin at pH 4.2 (Jeng et al., 
1990), cytochrome c at pH 2.2 and high ionic strength (Hughson et al., 1990).  
Detailed studies further suggested that proteins likely adopt a native-like 
tertiary fold in the molten globule states. By studying the preference of disulfide 
bond formation of a variant of α-Lactalbumin which contains only α-helical 
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domain, people found that native disulfide bonds formed predominantly during 
the reoxidation of reduced S-S bonds when the protein stayed in the molten 
globule state. As a control, in the completely unfolded protein most proportion 
of disulfide bonds formed between cysteine pairs which were close in primary 
structure (Peng et al., 1994).  Moreover, an approach by integrating a 
large-scale mutagenesis and disulfide-exchange experiment further defined a 
specific hydrophobic packing core which is responsible for maintaining the 
native-like topology in the α-Lactalbumin molten globule (Song et al., 1998; Wu 
& Kim, 1998).  
However, studies also found out the heterogeneity of the molten globule – 
one portion of the protein is well organized while other portions are poorly 
structured. In the molten globule of α-Lactalbumin, the α-helical domain forms 
helical structures with a native-like tertiary fold, while the β-sheet domain is 
predominantly disordered (Wu et al., 1995). Even in the α-helical domain, the 
stabilities of the individual helices vary a lot. As shown in hydrogen exchange 
experiments, the protection factors of amide protons in helices ranged from 10 to 
500 (Arai et al., 2000). Besides, a residue-specific NMR study also revealed the 
significant difference among helices in their resistances to strong denaturants 
(Schulman et al., 1997).  
1.1.2.1.3. Dynamics and Hydration 
As mentioned above, the dramatic decrease of ellipticities in near-UV 
spectra and line-broadening in NMR spectra imply that the molten globules are 
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more flexible and fluctuant than the native states. Hydrogen exchange studies 
showed that the protection factors of amide protons in molten globules are much 
smaller than those in native states (Englander et al., 1992), also clearly 
indicating the dynamic characteristics of the molten globule states. Further 
detailed studies were carried out by NMR relaxation measurements. The 
measurements of spin-spin relaxation time T2 showed the significantly increased 
mobility of methyl groups in the molten globule compared with that in the native 
state (Semisotnov et al., 1989; Ptitsyn, 1995a). Also by NMR relaxation study, 
the pH 4 intermediate of ApoMb was confirmed to consist of at least two 
conformations interconverting to each other (Wang et al., 1996).  
Due to the flexibility of the molten globule state, the hydrophobic core is 
relative loosely organized in the intermediate. Thus water molecules are 
permitted to penetrate inside the protein and some internal hydrophobic groups 
become exposed to water, making the surface more hydrophobic. The increased 
solvent-accessibility of the molten globule state can be reflected by increased 
fluorescence in ANS-binding test. ANS (8-anilinonaphthalene-1-sulfonate) is a 
hydrophobic dye whose fluorescence increases with its binding (Ptitsyn, 1995a). 
However, recent investigation based on water 17O relaxation dispersion 
challenged this common belief. Molten globule proteins seemed to preserve 
most of the native internal and external hydration sites and have native-like 
surface hydration (Denisov et al., 1999).  
1.1.2.2. Kinetic Role of Molten Globules in Folding 
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To reveal the role of the molten globules in the kinetic folding process and 
consequently further understand the folding mechanism, it is necessary to find 
out the relationship between the equilibrium unfolding intermediates i.e. molten 
globule and the intermediates in the kinetic folding process. Therefore, great 
efforts were made to determine whether the equilibrium unfolding intermediates 
and the kinetic folding intermediates are really identical. Furthermore, it is also 
crucial to investigate whether these intermediates are on-pathway or off-pathway 
products during protein folding. Since most small proteins show perfect 
two-state transitions during unfolding without accumulation of any 
intermediates and molten globule states are only detected in the unfolding of 
large proteins which normally have more than 100 amino acid residues, whether 
it is essential to form intermediates for protein folding still remains 
controversial.  
1.1.2.2.1. Equilibirium Intermediates = Kinetic Intermediates 
Application of the stopped-flow techniques into protein folding studies 
makes it possible for scientists to have an insight into the properties of the 
transiently accumulated intermediates. Stopped-flow CD study successfully 
carried out on the refolding of α-Lactalbumin showed that the intermediate, 
often called the burst-phase intermediate, accumulated quite quickly at the 
beginning of the refolding within the dead time of the measurement (15ms). The 
far-UV signal was restored at the very early stage of the refolding, while the 
near-UV ellipticity remained unchanged. Comparison of CD spectra of the 
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burst-phase intermediate and the equilibrium molten globule state showed the 
identity between them (Kuwajima et al., 1985). Furthermore, the burst-phase 
CD signal was also GdnHCl-concentration dependent and the GdnHCl-induced 
unfolding transition curve of the burst-phase intermediate showed its similar 
stability with that of the equilibrium molten globule state (Ikeguchi et al., 1986). 
These results strongly supported the proposal that the molten globule state is a 
real state during the kinetic folding of proteins. Stopped-flow fluorescence 
technique is another well developed technique used in the kinetic studies of 
protein folding. The burst-phase fluorescence quenching was detected in the 
refolding of cytochrome c at neutral pH, indicating the formation of the compact 
intermediate (Elove et al., 1994). Stopped-flow X-ray scattering, which can 
directly follow the changes in the molecular dimensions of the protein molecules, 
also showed that the intermediates accumulated at the early stage of refolding of 
many globular proteins were identical to their molten globule states (Arai et al., 
2000). 
Besides stopped-flow methods, nowadays some new techniques have been 
successfully introduced to help people obtain high-resolution information about 
the kinetic folding intermediates. Nuclear magnetic resonance is normally not 
suitable for kinetic study due to its long dead time, while real-time NMR 
spectroscopy can be used as a powerful tool when the protein refolds slowly 
with a rate constant less than ~0.05s-1 (Arai et al., 2000). The 1D NMR spectrum 
recorded at the beginning of refolding of apo-α-Lactalbumin was quite similar to 
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the spectrum of its equilibrium molten globule state (Balbach et al., 1995). Also 
significantly, pulsed-hydrogen exchange combined with NMR or mass 
spectrometry showed the similar hydrogen-exchange pattern of the transient 
refolding intermediate compared with the molten globule state for many 
globular proteins, such as apoMb (Jennings et al., 1993; Loh, et al., 1995), 
RNase HI (Raschke et al., 1997) etc.  
On the basis of all these convincing experimental evidences, conclusion can 
be drawn that the molten globule intermediate might be also a kinetic 
intermediate in the refolding of globular proteins.          
More strikingly, attributed to the advances in techniques, kinetic 
intermediates were also detected in many small proteins whose equilibrium 
unfolding transitions were characterized as typical two-state transitions, such as 
hen lysozyme, Parvalbumin, Staphylococcal nuclease, DHFR and so on (Arai et 
al., 2000). To explain such discrepancy, two possibilities were proposed to be 
responsible for the absence of the equilibrium intermediates in these small 
proteins. The first one assumed that the intermediate state is less stable than the 
unfolded state, so the protein unfolding will be two-state transition without any 
accumulation of intermediates. The second explanation attributed the two-state 
behavior to the shift of the rate-limiting step. Since an energetic barrier is 
postulated to exist between the unfolded and intermediate state as well as the 
barrier between the intermediate and native state, if the latter barrier is higher 
than the former one, then the rate-limiting step will be the transition from 
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intermediate to native state and the accumulation of intermediate can be detected. 
Otherwise, the transition from the unfolded to the intermediate state becomes 
rate-limiting and intermediates can transform into native state easily without any 
accumulation after its formation from unfolded state (Bai, 2003; Kamagata et al., 
2004). Very similarly, based on his observations from experiments, Bai proposed 
a “hidden intermediate model” to interpret the absence of intermediates in some 
proteins (Bai, 2003). Native-state hydrogen-exchange study on cytochrome c 
detected three partially unfolded intermediates which were more stable than 
unfolded state under native and equilibrium conditions, while no intermediates 
were observed in the kinetic refolding study at pH 4.9 by conventional methods. 
However, one of these intermediates became detectable when an energetic 
barrier was introduced into the folding pathway and therefore these 
intermediates were termed as hidden intermediates. So the molten globule state 
seems to be a general kinetic intermediate during the refolding of all the globular 
proteins.  
1.1.2.2.2. On-pathway or Off-Pathway Intermediates 
Another big concern about the kinetic role of the intermediates in protein 
folding is whether the intermediates are on-pathway or off-pathway products. If 
the intermediate is on pathway (U⇔  I⇔ N), then the formation of intermediates 
will facilitate the folding of protein and help to solve the “Levinthal paradox”. 
Conversely, if the intermediate is an off-pathway product (I⇔ U⇔ N), then the 
study of intermediates will be meaningless for understanding the folding 
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mechanism. However, despite the importance and complexity of this question, 
the effective approaches we can adopt are still limited since most intermediates 
are burst-phase products that accumulate in the dead time of most available 
techniques. And this may be a main reason why debates about this question 
never stop. Observation that the slowing down of the folding rate happened 
coincidently with the accumulation of intermediate in the study of barnase 
brought the possibility of off-pathway intermediates into considerations 
(Matouschek et al., 1990; Baldwin, 1996). However, the conclusion drawn 
simply based on this phenomenon is not convincing since the decrease of the 
folding rate can also be interpreted by on-pathway model. In the study of 
ubiquitin, although a “rollover” was also detected in the plot of folding rate 
versus denaturant concentration, the linear correlation between IUG∆  and 
NUG∆  suggested the intermediate to be on the folding pathway 
(Khorasanizadeh et al., 1996). In recent years, more and more experimental 
observations implicated the on-pathway property of intermediates. The evidence 
was provided by a pulse-chase-competition experiment which was applied to 
determine the kinetic role of native-like intermediate in the refolding of 
ribonuclease A (Laurents et al., 1998). In D2O solvent and at the pH* where 
hydrogen exchange between liable protons of protein and solvent could happen 
fast, refolding experiments were carried out in parallel with 1H-labeled 
intermediate or unfolded protein as the starting point. The fact that more 
1H-labels were retained in the native state refolded from the intermediate than 
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that from the unfolded state suggested that protein did not need to unfold to U 
before reaching the native state, therefore implying that the intermediate should 
be on pathway. Another evidence from a kinetic test performed during the 
refolding of cytochrome c showed that the rate for the intermediate to transform 
into native state was greater than the rate for it to transform into unfolded state 
(Bai, 1999), thus also excluding the possibility that the intermediate was a 
dead-end, off-pathway product during the process of refolding. Besides, by 
using stopped-flow florescence and absorbance spectroscopies, the refolding of 
DHFR was examined at pH7.8 in a very straightforward way (Heidary et al., 
2000). A distinct lag was observed in the formation of native state in comparison 
with the formation of the intermediate, indicating the intermediate was a 
productive on-pathway intermediate. 
 
1.1.3. Cooperativity of Protein Unfolding  
Protein denaturation has been considered as a highly cooperative process 
since several decades ago. Cooperativity indicates that only two states exist at 
equilibrium and the protein molecule adopts an all-or-non transition as a whole 
during denaturation (Ptitsyn, 1995a). Many small proteins show characteristic 
two-state unfolding transition, meeting not only equilibrium but also kinetic 
criteria of two-state transition. Two-state analyses of sigmoidal equilibrium 
unfolding transitions are widely used to evaluate protein stabilities. However, 
the energy landscape existing between the native and the unfolded state implies 
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the high complexity of the transition, severely contradicting with two-state 
model (Lakshmikanth et al., 2001). Recently, gradual unfolding were observed 
in some small proteins (Song et al., 1999; Lakshmikanth et al., 2001), making it 
necessary to reconsider the cooperativity of protein unfolding carefully.      
In two-state transitions, the denatured fraction (Θ ) can be determined as 
)()( NDN AAAA −−=Θ , where A can be any parameter that changes during 
denaturation, subscripts N and D represent the native and denatured state 
respectively. According to the thermodynamic theory, the equilibrium constant 
between the two states is RTGeK ∆−=Θ−Θ= )1( , where G∆  is free energy 
difference between two states, R is the gas constant, and T is the temperature. 
For temperature-induced denaturation, 2)1( RTHT ∆Θ−Θ=∂Θ∂ , where ∆H 
is the enthalpy difference between the denatured and the native states. 
When mTT = , the midpoint of a temperature transition, where 21)1( =Θ−=Θ , 
Tmm TRTH )(4
2 ∂Θ∂=∆ . Thus, ∆H, termed as the van’t Hoff enthalpy, can be 
calculated from the slope of the temperature dependence of any parameter. In the 
temperature denaturation of some small proteins, the enthalpy change measured 
from experiments were consistent with the calculated van’t Hoff enthalpy, 
making people believe that small protein denaturations follow a two-state 
transition (Privalov, 1979; Ptitsyn, 1995a).  
For proteins which are unfolded through intermediates (Molten Globules, 
MG), the unfolding can be divided into two steps: N→MG and MG→U. Both of 
the two steps were also considered to be a two-state transition. For both 
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transitions induced by Urea or GdmCl, statistical studies showed the dependence 
of transition slope on the protein molecular weight, implying protein molecules 
underwent the transitions as a whole (Ptitsyn et al., 1994; Ptitsyn, 1995). 
Besides that, bimodal distributions of the elution volumes in FPLC of some 
proteins during Urea or GdmCl-induced transition from MG→U gave more 
direct experimental evidences for the cooperativity (Uversky et al., 1993; Ptitsyn, 
1995a). 
Unlike small proteins, some large proteins showed poorly cooperative 
transitions during unfolding. For example, in the thermal unfolding of 
α-Lactalbumin, no heat absorption was observed, indicating non-cooperativity of 
unfolding transition. Detailed study by 2D-NMR, which provided 
residue-specific unfolding information, also suggested the unfolding of 
α-Lactalbumin by denaturant was not a cooperative process (Schulman et al., 
1997). To interpret these phenomena, a hierarchical cooperative (HC) model was 
proposed (Griko et al., 1994), assuming that in proteins which contain multiple 
structural elements, each element might be unfolded relative independently due 
to the loose associations among them. So even each element is unfolded 
cooperatively as a whole, however, different domains are not unfolded 
synchronously due to their different stabilities, resulting in the non-cooperativity 
observed in the unfolding of the whole protein molecules (Ptitsyn, 1995a; Arai et 
al., 2000).  
However, some recent high-resolution experimental results are noteworthy, 
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which challenged our previous understanding about unfolding cooperativity. A 
gradual disruption of tight sidechain packing was observed in the NMR study of 
pH-induced unfolding of CHABII, a small structured protein containing 37 
amino acid residues, indicating the transition from N→MG was not as 
cooperative as expected (Song et al., 1999). Two years later, another group 
reported similar observation in their study of urea-induced unfolding of a small 
89-residue protein, barstar, which showed an apparent two-state transition in 
equilibrium experiments. By time-resolved fluorescence resonance energy 
transfer methods, the intramolecular distance distribution was estimated 
successfully. Surprisingly, the intramolecular distance increased incrementally 
with the increase of the denaturant concentration, indicating that tertiary 
structure of barstar was also lost progressively during the urea-unfolding from 
the native state to the molten globule state (Lakshmikanth et al., 2001). All these 
observations implied that the unfolding process might be more complicated than 
our expectation, thus calling for further investigations.  
 
1.1.4. Protein Stability  
Stability is always a big concern in protein science due to the close 
relationship between the protein conformation and protein functions. 
Customarily, the stability of a protein molecule is represented by the free energy 
difference, ∆G, between the unfolded and native states. Experimentally, the 
stability is normally studied as a function of various environmental factors, such 
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as temperature, denaturant concentration, and so on (Murphy, 1995). In 
particular, development in recombinant DNA technique makes it possible to 
extensively adopt site-directed mutagenesis method into protein stability studies, 
providing quite a lot of valuable and detailed information related to stability. At 
the same time, protein stability is also intensively studied using computational 
modeling (Nosoh et al., 1991).    
It is now accepted that proteins are stabilized by both non-covalent and 
covalent interactions. Stabilizing forces mainly include van der Waals 
interactions, hydrophobic interactions, hydrogen bonds, electrostatic interactions, 
conformational entropy, disulfide bonds, and so on (Nosoh et al., 1991).  
1.1.4.1. Van der Waal interactions 
Van der Waal interaction ubiquitously exists among nonbonded atoms. It 
includes both the attractive force and the repulsive force. The attractive 
interaction results from the induction of the transient dipoles in the electron 
cloud of neighbouring atoms when they are distant. The coupling of the dipoles 
leads to attractive forces. The repulsive interaction is caused due to the sterical 
hinderance when neighbouring atoms are so close that their electron clouds have 
overlap. Van der Waals interactions are short range because of their strong 
distance dependence (Murphy, 1995).  
1.1.4.2. Hydrophobic interactions 
Hydrophobic interactions play an important role in the stabilization of 
proteins. The entropy of the solvating water ( waterS∆ ) increases greatly when 
    22
ordered water molecules are released from the hydrophobic surface areas of 
proteins, so the packing of hydrophobic surfaces into a hydrophobic core is quite 
favored. The waterS∆  is called hydrophobic forces (Nosoh et al., 1991). Among 
20 amino acids, Leu, Ile and Val are highly hydrophobic due to their long alkyl 
sidechains while some charged amino acids, such as Arg, Asp and Glu, have 
relative low hydrophobicities. In folded proteins, the hydrophobic residues are 
buried in the core while the hydrophilic residues distribute on the surface.  
1.1.4.3. Hydrogen Bonds 
Hydrogen bonds are also noncovalent dipole-dipole interactions. They 
originate from partially sharing of a hydrogen atom between a donor group such 
as an amino -NH or a hydroxyl -OH and an acceptor atom such as nitrogen or 
oxygen (Murphy, 1995). In proteins, there exist many potential hydrogen bond 
donor and acceptor groups. The hydrogen bond distribution patterns are typical 
for secondary structures. Besides that, since protons involved in hydrogen bonds 
are inactive in exchange with protons in solvent, useful information about 
protein folding can be obtained from hydrogen bond patterns. 
1.1.4.4. Electrostatic Interactions 
Electrostatic interactions occur between charged groups, according to 
Coulomb’s law. Typically, the interactions between completely ionized groups 
are called salt bridge. Due to the low dielectric property of the protein interior, 
the electrostatic interaction between charges buried in the protein interior can be 
very strong, although burial of charged groups is not very common. Salt bridges 
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were reported to enhance thermostability of thermophilic proteins (Perutz, 1978; 
Nosoh et al., 1991); electrostatic interactions also play an important role in the 
stabilization of halophilic proteins (Arakawa et al., 2004). Electrostatic 
interactions are affected by environmental pH as well as local effective dielectric 
constants (Nosoh et al., 1991). 
1.1.4.5. Conformational Entropy  
Conformational entropy is considered to destabilize the proteins. Due to the 
increased degrees of freedom available to the proteins in the unfolded state in 
comparison with the native state, the entropic effect favors the unfolded state. 
Loss of backbone flexibility during folding caused a great loss of conformational 
entropy. More significant entropic effect comes from the buried side chains 
which have considerable flexibility in the unfolded state, and therefore the 
amino acid composition can affect the conformational entropy. For instance, Gly 
has no side chain and thus has lowest flexibility among 20 amino acids, so 
replacement of Gly with residues with bulkier side chains can lower the entropy 
of the unfolded state and probably stabilize the protein. In contrast, Pro may 
restrict the main chain rotations dramatically in the unfolded state, thus 
proline-riched proteins are usually more stable (Nosoh et al., 1991; Murphy, 
1995). 
1.1.4.6. Disulfide Bonds   
Disulfide bonds as well as other covalent crosslinks stabilize proteins by 
reducing the conformational entropy of the unfolded chain. Meanwhile, they 
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also have influence on the folded structures. So the contribution to the 
stabilization of proteins by introducing disulfide bonds were suggested to be 
correlated with the length of the loop formed and the compatibility of the 
crosslink with the folded structures (Nosoh et al., 1991).    
Although all the interactions mentioned above have been generally believed 
to be responsible for the protein stability for several decades, due to the 
structural complexities, the accurate evaluation of contributions of each 
interaction remains still very difficult. Fundamental principles underlying 
protein folding and stability still remain largely unrevealed. For instance, it is 
still extremely difficult to distinguish a thermophilic protein from its normal 
counterparts even their three-dimensional structures are known at a high 
resolution (Jaenicke et al., 1998). In protein engineering, achieving desired 
properties by rational structure-based design is still very challenging. Intensive 
investigations are still carried on in this field.   
 
1.1.5. Previous Studies about CHABII  
Charybodotoxin (ChTX) is a small protein toxin isolated from the venom of 
the Israeli Leiurus quinquestraitus scorpion. It contains 37 amino acid residues 
and adopts the α/β scorpion fold, composed of an α-helix and an antiparallel 
stranded β-sheet. Like most proteins adopting the α/β motif, ChTX contains 
three disulfides (7-28, 13-33, 17-35) which adopt a highly conservative 
sequence: C…CxxxC…C…CxC. CHABII is a two-disulfide derivative of ChTX, 
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which is chemically synthesized by replacing the disulfide 13-33 with a pair of 
L-α-aminobutyric acids (Aba). Conformational analysis and functional studies 
showed that the removal of this disulfide has little effect on secondary structure 
and biological activity of the toxin (Drakopoulou et al., 1998). The solution 
structure of CHABII was determined at pH 6.3 and 5 ℃ using 2D NMR. The 
structure of CHABII showed a high similarity with that of ChTX. A helical 
segment from S10 to L20 and two extended strands R25-M29 and K32-Y36 
were well defined. Besides that, a hydrophobic core constituted by 12 side 
chains were identified, which was assumed to contribute much to the stability of 
CHABII (Song et al., 1997). Remarkably, a gradual disruption of tight sidechain 
packing was observed during acid-induced unfolding of CHABII. Detailed 
structural information about the transition was obtained from a series of 2D 
1H-NOESY spectra of CHABII recorded at 5 ℃, pH 6.3, 5.5, 4.6 and 4.0. An 
extensive and gradual disappear of NOE signals by lowing the pH indicated that 
the disruption of tight side-chain packing was a gradual process. However, 
Far-UV CD spectrum and existence of native long-range NOEs at pH 4.0 
indicated the persistence of highly native-like secondary structure and tertiary 
topology (Song et al., 1999). This observation shed light on the mechanism of 
the transition between native proteins and partially folded intermediates, which 
is still poorly understood.  
    26
Part II. Fundamentals of NMR 
 
Nuclear magnetic resonance (NMR) spectroscopy and X-ray 
crystallography are considered to be the two most powerful techniques for 3D 
structure determination of proteins and nucleic acids at atomic resolutions 
nowadays. Both of the methods have their own advantages and therefore can 
usually provide complementary information to each other. In particular, since 
NMR allows to record the structural information in solution, it provides a 
valuable tool in studying protein folding and dynamics. Firstly, solution 
conditions can be changed easily to study protein conformations under different 
environments; secondly, investigations of protein dynamics as well as 
interactions between proteins with other molecules can be carried out directly; 
thirdly, NMR may be the only available method to obtain structural information 
of partially folded proteins, which are usually difficult to crystallize (Wuthrich, 
2003). Based on all these reasons, NMR plays an indispensable role in the 
studies related to protein structures, especially in the research of protein 
dynamics and folding.  
 
1.2.1. Nuclear Spins and NMR Signals 
In 1946, NMR signals were observed for the first time by E. M. Purchell 
and F. Bloch independently (Friebolin, 1998). Basically, the effect of NMR 
originates from the absorption of electromagnetic radiation by the atomic nuclei 
    27
which have a nuclear spin when an external magnetic field is applied. Nuclear 
spin (I) is the angular momentum quantum number, a fundamental property of a 
nucleus. Nuclei with 0=I  (like 12C, 16O) are NMR inactive since no NMR 
signals can be detected from them. Nuclei with 21=I  (like 1H, 15N, 13C) can 
give simple and interpretable signals and thus they are widely used in NMR. 
Nuclei with 21>I  (like 2H, 14N) are also NMR active however observations 
of their signals are relatively difficult.  
NMR signal sensitivity is directly related to another intrinsic property of a 
nucleus, that is, gyromagnetic ratio γ. Signal sensitivity is proportional to γ3. For 
example, among three nuclei in proteins which are normally available for NMR 
study, γ1H is about 4 times larger than γ13C and 10 times larger than γ15N, so 1H 
is 64 times and 1000 times more sensitive than 13C and 15N respectively just 
because of γ.  
 
1.2.2. Several NMR Parameters  
The NMR approach to study proteins is based largely on several parameters: 
the chemical shifts, coupling constants, nuclear Overhauser enhancement (NOE) 
and etc. 
1.2.2.1. Chemical Shift    
The chemical shift is an important parameter reflecting the unique chemical 
environment around individual nucleus. In molecules the nuclei are magnetically 
shielded so the effective field at the position of each nucleus is slightly different 
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from the external magnetic field and the resonance of individual nucleus is 
influenced in a characteristic way. Chemical shift measures such resonance 
difference in a relative scale by comparing the resonance frequency of the 
sample with that of a reference compound, that is, 610)( ∗−= refrefsample υυυδ . 
Chemical shift is an important parameter for identifying individual nucleus in 
NMR spectrum and thus becomes very useful for residue assignments in a 
protein sequence. Besides that, the chemical shifts provide useful information on 
protein secondary structures. Characteristic chemical shift deviations of Hα, Cα, 
Cβ from random coil values are good indicators for the existence of α-helix or 
β-sheet.  
1.2.2.2. Coupling Constant  
Nuclei that are connected by covalent bonds will exert magnetic 
interactions on each other, resulting in mutual splitting of the NMR signal from 
each nucleus into multiplets. This is called spin-spin coupling or scalar coupling. 
The strength of this interaction is given by coupling constant J, which is 
independent of the external field and has units of Hz. Normally, couplings 
through one bond (1J), two bonds (2J) and three bonds (3J) can be detected. 
Couplings can happen between nuclei of the same species (homonuclear 
couplings) as well as between different nuclei (heteronuclear couplings). 
Characteristic coupling patterns are useful for identifying of spin systems in a 
molecule. Techniques based on scalar coupling, such as total correlation 
spectroscopy (TOCSY) experiment are crucial for amino acid assignments. Also 
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importantly, the 3J coupling constants are related to the dihedral angles via the 
Karplus equation. 3JNHHα and 3JHαHβ are widely used to determine the torsion 
angles Ф and χ1, thus providing important information on conformations of 
peptide backbone and amino acid side chains. Similar to the chemical shifts, 
characteristic 3JNHHα coupling constants are correlated with secondary structural 
conformations. Normally, the value of 3JNHHα ranges from 3~5 Hz in α-helix 
while 8~10Hz in β-strand.  
1.2.2.3. Nuclear Overhauser Enhancement (NOE) 
NOE signals arise when dipole-dipole coupling happens between two 
nuclei in close spatial proximity. The observed effect is a change in the intensity 
of one NMR resonance when the transitions of another are perturbed. Since the 
intensity of dipole-dipole coupling is proportional to the inverse of the distance 
between the interacting dipole moments to the sixth power (1/r6), NOE signals 
are very sensitive to the internuclear distance and usually can only be detected 
between nuclei separated by a distance of less than 5Å. NOE intensities can be 
converted into distance constraints between nuclei, thus playing a central role in 
the protein 3D structural determinations. Sequential NOEs are crucial for 
establishing connectivities among spin systems; medium and long range NOEs 
provide rich information on secondary and tertiary structures. Especially, 
characteristic NOE patterns are quite helpful for identifying specific secondary 
structural elements. 
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1.2.3. Structure Calculation    
Protein structure determination by use of NMR spectroscopy is mainly 
based on the correct assignment of each amino acid, the distance constraints 
converted from NOEs and the torsion angle constraints generated from 3J 
coupling constants. Simulated annealing (SA) is one of the most commonly 
adopted methods for structure calculations. SA method requires a force field, 
which, together with the NMR experimental data, generates a bumpy energy 
surface of the system. In the simulation, the system is initially heated to a 
dramatic high temperature (1000K), allowing the starting structure to cross all 
the energy barriers and then cooled down slowly. The system is then expected to 
fall into a global energy minimum with preferred conformations. Computational 
simulations do not generate a single structure, but an ensemble of them which 
are compatible with all the NMR and force field data. The quality of the 
ensemble of protein structures can be evaluated by the number and the size of 
constraint violations, the total potential energy as well as the root mean-square 
deviation (r.m.s.d.) among them (Brunger, et al., 1993). The quality can also be 
checked by some programs, such as PROCHECK, which is powerful and used 
widely nowadays. 
 
1.2.4. Chemical Exchanges Measured by NMR 
Besides providing high-resolution information for protein 3D structure 
determination, NMR is also a very powerful tool to study the dynamic properties 
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that proteins possess since NMR signals are quite sensitive to exchanges that 
proteins may undergo in solution. A chemical reaction, conformational 
equilibrium, or exchange between the bound and free states of a ligand protein 
etc. usually gives rise to two distinct NMR signals with different chemical shifts 
e.g. Αδ and Βδ  for a spin system. Since all the NMR signals are averaged by 
exchange, if the exchange rate k is much faster than the chemical shift time scale 
i.e. ΒΑ −〉〉 δδk  , then a single resonance signal centered at ΒΒΑΑ += δδδ ff  
will be observed, where Αf and Βf represent the fractions of nuclei with 
chemical shifts Αδ  and Βδ  respectively. On the other extreme, if the exchange 
is very slow with the rate ΒΑ −〈〈 δδk , then two separate signals centered at Αδ  
and Βδ  respectively can be well resolved in NMR spectrum. However, when 
the exchange happens with an intermediate rate which is on the same order as 
the chemical shift time scale i.e. ΒΑ −≈ δδk , line broadening occurs, which is so 
serious sometimes that no peaks can be detected in the NMR spectrum. 
Line-shape analysis can usually tell people some protein dynamics and therefore 
play a role in the study of protein folding.   
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Part III. Objectives 
 
As mentioned above, protein folding is a fast event which is usually 
completed within a microsecond to second time range.  Due to the transient 
nature of intermediates occurred during kinetic folding, the currently-available 
methods offer little high-resolution structural information about kinetic 
intermediates.  
CHABII at pH 4.0 had a native-like secondary structure and highly 
native-like tertiary topology, but lacked a tight side-chain packing, which fit in 
very well with the definition of the molten globule state (Song et al., 1999; Kim 
et al., 1990). In this regard, the 37-residue CHABII at pH 4.0 may be regarded 
as the smallest molten globule. Most strikingly, the feasibility to assess the 
gradual disruption of the tight side chain packing of CHABII by NMR 
spectroscopy at an atomic resolution offered potential to use CHABII as an 
attractive model for understanding backbone and side-chain dynamics of the 
gradual unfolding by NMR methodology (Dyson et al., 2002).  
In the present study, we aimed at addressing the molecular mechanism 
underlying the pH-induced unfolding of CHABII. To achieve this, we produced 
recombinant proteins of CHABII and its mutant [Phe21]-CHABII with His21 
replaced by Phe by cloning and expressing them in E. coli cells, followed by in 
vitro disulfide refolding. In recombinant proteins, Cys13 and Cys33 were 
replaced with Ala instead of Aba in chemically synthesized proteins. Extensive 
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CD and NMR experiments were performed to characterize the role of His21 in 
the pH-induced unfolding of CHABII. Thermal unfoldings of CHABII and 
[Phe21]-CHABII were monitored by CD to investigate the influence of 
His→Phe mutation on CHABII thermal stability. Further NMR study including 
1H-15N HSQC experiments and NMR structure determination allowed us to 
visualize the gradual development of the molten globule state of CHABII in an 
atomic resolution.   
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Chapter II. Material and Methods 
 
2.1. Gene Syntheses of CHABII and [Phe21]-CHABII  
The gene for CHABII was synthesized in vitro by PCR-based method (Wu 
et al., 1998). Four overlapping oligonucleotides (Research Biolabs) comprising 
the entire gene were designed using Escherichia coli preferred codons: 
P1: 5'-CAG TTT ACC AAC GTG AGC TGC ACC ACC AGC AAA GAA GCG TG-3'  
P2: 5'-CAG ACG CTG GCA CAC GCT CCA CGC TTC TTT GCT GGT G-3' 
P3: 5'-G AGC GTG TGC CAG CGT CTG CAT AAC ACC AGC CGT GGC AAG-3' 
P4: 5'-GCT GTA GCA ACG GGC TTT CTT GTT CAT GCA CTT GCC ACG GCT GGT 
G-3'.  
The full-length gene fragment was obtained from these four 
oligonucleotides by a PCR which followed the program: 95 ℃ for 5 min, 30 
cycles at 94 ℃ for 30 s, 55 ℃ for 30s, and 72 ℃ for 1 min, and a final extension 
72 ℃ for 10 min.  
An aliquot of amplification product was then used as the template in the 
next round PCR with two short oligonucleotides as primers, which added 
restriction sites BamH I and Xho I at 5’ and 3’ of the gene fragment respectively: 
P5: 5'-GCGCGCGCGC GGATCC CAG TTT ACC AAC GTG AG-3' 
P6: 5'-GCGCGCGCGC CTCGAG CTA CTA GCT GTA GCA ACG GGC TTT C-3’.  
The cycles were as follows: 95 ℃ for 5 min, 30 cycles at 94 ℃ for 30 s, 60 
℃ for 30 s, and 72 ℃ for 1 min, and a final extension at 72 ℃ for 10 min.  
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For both PCR amplifications, 10% Proofreading polymerase Pfu (Promega) 
was added into Taq DNA polymerase (New England Biolab) in order to reduce 
the error rates. The amplified DNA fragments were subsequently purified by 
High Pure PCR Product Purification Kit (Roche). 
The gene for [Phe21]-CHABII was synthesized using the same method 
except that P3 was substituted by P7: 5'- G AGC GTG TGC CAG CGT CTG TTT AAC 
ACC AGC CGT GGC AAG-3'. 
 
2.2. Expression Vector Construction   
The gene of CHABII or [Phe21]-CHABII was inserted into the multiple 
cloning sites of the pGEX-4T-1 GST vector (Novagen) for protein expression. 
For vector construction, both the PCR product and the vector were double 
digested by BamH I and Xho I (New England Biolab) at room temperature for 3 
h and subsequently purified by QIAquick Gel Extraction Kit (Qiagen). Ligation 
was then carried out at 4 ℃ for 48 h in the presence of 4T DNA Ligase (New 
England Biolab). The ligation product was transformed into E.coli DH5α for 
colony screening. Plasmids were amplified in E.coli DH5α and purified by 
QIAprep Spin Miniprep Kit 250 (Qiagen). All of the above performances 
followed the protocols provided by the manufacturers. All the procedures were 
monitored by Agarose DNA electrophoresis (Bio-Rad).   
Positive colonies were selected and confirmed by PCR and double 
digestion. The sequences were further confirmed by automated DNA sequencing 
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using T7 promotor sequencing primers (New England Biolab) and Big Dye 
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystem). 
 
2.3. Preparation of Competent E.coli Cells 
Overnight culture of DH5α or BL21 cells was diluted into 50 ml fresh LB 
broth (Bio Basic Inc.) at a ratio of 1:100. Cells were grown at 37 ℃ with 
shaking till OD600 reached 0.5~0.6. Then cells were transferred into sterile 
centrifuge tubes and spun down at 4000*g for 5 min. The cell pellet was then 
gently resuspended with 0.5 volumes (25 ml) of ice cold, sterile, fresh 50 mM 
CaCl2 (Merck) and immediately incubated on ice for at least 20 min. After that, 
cells were centrifuged down again at 4000*g for 5 min. After discarding the 
supernatant, cells were resuspended with 0.1 volumes (5 ml) of cold 50 mM 
CaCl2 containing 10% glycerol (BDH Laboratory Supplies). Cell resuspension 
was then distributed in aliquots into 1.5 ml sterile eppendorf tubes. Competent 
cells were stored at -80 ℃ after quick frozen by liquid nitrogen.  
 
2.4. Transformation of E.coli Cells   
Cells of E.coli DH5α were transformed with pGEX-4T-1-CHABII or 
pGEX-4T-1-[Phe21]-CHABII for plasmid amplification and purification. To 
expression the recombinant proteins, both of the plasmids were subsequently 
transformed into E.coli strain BL21 (DE3). For both transformations, 1 µl 
plasmid DNA was added into 100 µl competent cells, followed by a gentle 
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mixing. After incubated on ice for about 10 min, cells were subjected to a heat 
shock at 42 ℃ for 90 s and then immediately incubated on ice for 5 min. Then 
750 µl LB medium was added into cells and cells were incubated at 37 ℃ for 
additional 30min before spread onto LB plates containing ampicilin (Sigma). 
The plates were then incubated at 37 ℃ overnight. 
 
2.5. Protein Expression and Purification   
Transformed E.coli BL21(DE3) cells were grown overnight at 37 ℃ to 
maximal density in 5 ml of LB medium containing 100 µg/ml ampicillin and 
then diluted to 1 L of LB with 100 µg/ml ampicillin. Cells were grown at 37 ℃ 
with shaking until OD600 reached 0.8 and subsequently induced with 1.0 mM 
IPTG (Invitrogen). After further incubation at 37 ℃ for 3 hours, cells were 
harvested by centrifugation (6000 rpm) for 30 min at 4 ℃ (Beckman). 
The cell pellet was resuspended in 50 ml ice-cold phosphate-buffered saline 
(PBS; 50 mM NaH2PO4 (Kanto Chemical Co. Inc.), 150 mM NaCl (Merck), pH 
7.4) and sonicated on ice (Branson Sonic Power Co.). The cell lysate was 
isolated by centrifugation (18000 rpm) for 30 min at 4 ℃. The supernatant was 
loaded on 1 ml of Glutathione-Sepharose 4B resin (Amersham), which was 
pre-equilibrated with PBS, and incubated at 4 ℃ for 2 h. The resin was 
subsequently washed three times with 10 bed volumes of PBS each time. With 
the addition of 100 units of Thrombin (Sigma) per ml of resin, CHABII or 
[Phe21]-CHABII was released from GST-fused form after 4 h incubation at 
    38
room temperature. The elution fractions containing CHABII or [Phe21]-CHABII 
were collected and immediately acidified with 20% acetic acid (Merck) in 
preparation for reversed-phase HPLC.  
For heteronuclear NMR experiments, 15N-labeled proteins were prepared 
following the similar expression and purification procedures except for growing 
E.coli cells in the M9 minimal medium (Na2HPO4•12H2O 17.1 g/L (J. T. Baker); 
KH2PO4 3 g/L (J. T. Baker); NaCl 0.5 g/L; (15NH4)2SO4 1 g/L (Cambridge 
Isotope Laboratories Inc.); Glucose 4 g/L (Sigma); MgSO4 1 mM (Merck); 
Thiamine 2 mg/L (Sigma); ampicillin 75 mg/L) instead of the LB medium. The 
(15NH4)2SO4 salt was used for 15N labeling. 
Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 
was performed using a 15% (w/v) polyacrylamide gel to check protein 
expression and purification (Bio-Rad). Gels were stained with 0.1% Coomassie 
Brilliant Blue R-250 (Bio-Rad). 
In general, the released CHABII or [Phe21]-CHABII protein was a mixture 
of the disulfide correctly-folded molecules and several other species with 
incorrect disulfide pairing. For further purification, reversed-phase HPLC was 
performed by using a 218TP510 C18 semi-preparative reversed-phase column 
(Vydac). Different species were separated and eluted with a gradient of 0-50% 
(v/v) acetonitrile (Merck) containing 0.1% trifluroacetic acid (TFA) (Fisher 
Scientific) at a flow rate of 6.0 ml/min. The eluate was monitored at both 215 
nm and 280 nm. All the peaks with an absorbance over 0.5 at 215 nm were 
    39
collected and lyophilized. The molecular weight of these peaks was confirmed 
by MALDI-TOF MS. The species containing correct disulfide bridges was 
identified and confirmed by CD and NMR studies. Other species were kept for 
further protein refolding.  
 
2.6. Determination of Protein Concentration by Spectroscopy 
The concentration of a protein solution is usually determined by measuring 
the absorbance, A, near 280 nm and using the Beer-Lambert Law: ClA ∗∗= ε , 
where ε  is the molar absorption coefficient (M-1cm-1), l is the path length (cm), 
and C is the protein concentration (M). For proteins containing Trp residues, it 
was recommended that ε could be best estimated by the following equation: 
)125)((#)490,1)((#)500,5)((#))(280( 11 CystineTyrTrpcmM ++=−−ε . 
Here, #Trp, #Tyr and #Cystine are the numbers of each corresponding 
residue in a protein. (Pace et al., 1995) 
Since both CHABII and [Phe21]-CHABII contain Trp, Tyr and Cystine, we 
adopted this method to determine protein concentrations. Proteins were 
denatured in 8 M urea, followed by A280 measurements by UV/visible 
spectrophotometer using 0.1 mm quartz cuvette.  
  
2.7. Refolding of CHABII and [Phe21]-CHABII In vitro  
To rearrange the incorrect disulfide bonds in non-native products, the 
lyophilized protein powder was slowly dissolved in 100 ml oxidizing buffer, 
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consisting of 0.05 M sodium phosphate, 0.2 M NaCl, 4105 −×  M reduced 
glutathione, and 3105 −× M oxidized glutathione, pH 7.8. The final 
concentration of protein was less than 0.1 mg/ml. After the refolding reaction 
reached equilibrium, the oxidation solution was then acidified by acetic acid and 
the correctly paired CHABII or [Phe21]-CHABII protein was isolated by 
reversed-phase HPLC, using the same column and gradient as those mentioned 
above.  
 
2.8. CD Characterization of pH-induced and Thermal Unfolding 
All CD measurements were made on Jasco J-810 spectropolarimeter 
equipped with a thermal controller using 1 mm path length cuvettes with a 0.1 
nm spectral resolution. Concentrations of the proteins were around 5105.1 −×  M 
in 20 mM phosphate buffer. For pH-induced unfolding, spectra were obtained at 
20 ℃ in the range of 190-260 nm while the sample pH was 6.3, 5.5, 4.6 and 4.0 
respectively. Five independent scans were collected and averaged for each 
spectrum. Thermal unfolding experiments were carried out using samples at pH 
6.3 and pH 4.0.The changes in ellipticity at 220 nm were recorded from 20 ℃ to 
95 ℃ continuously.  
 
2.9. NMR Experiments and Structure Calculations 
The NMR samples of recombinant proteins were prepared by dissolving the 
lyophilized proteins into 0.4 ml of 20 mM phosphate buffer. About 10% D2O 
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(Sigma) was added to provide the deuterium lock signal for the NMR 
spectrometers. And the cocktail of protease inhibitors (Sigma) were also added 
to inhibit the activities of any residual proteases. All the NMR experiments 
including two dimensional 1H NOESY (Jeener et al., 1979), TOCSY (Bax et al., 
1985), 1H-15N HSQC, 1H-15N HSQC-TOCSY and 1H-15N HSQC-NOESY 
(Sattler et al., 1999) were carried out at 293 K on Bruker Advance-500 
spectrometer equipped with an actively shielded cryoprobe and pulse field 
gradient units. A mixing time of 250 ms was used for NOESY and 65 ms for 
TOCSY experiments. Spectral processing and analysis were carried out using 
the XwinNMR (Bruker) and NMRview softwares (Johnson et al., 1994).   
Sequence-specific assignments for CHABII and [Phe21]-CHABII were 
achieved through identification of spin systems in the TOCSY spectra combined 
with sequential NOE connectivities in the NOESY spectra (Wagner et al., 1982). 
NOE crosspeaks were extracted and assigned from NOESY spectra manually. 
For structure calculations, NOE peaks were categorized into three groups based 
on their intensities: strong, medium and weak corresponding to upper bound 
interproton distance restraints of 3.0, 4.0 and 5.0 Å respectively. The sum of the 
Van der Waals radii of 1.8 Å was set to be the lower distance bound. Backbone 
dihedral angle restraints were derived from TALOS prediction results based on 
Hα chemical shifts (Cornilescu et al., 1999). Additional restraints were included 
in the calculations to define the two disulfides. The solution structures of 
CHABII and [Phe21]-CHABII at different pH values were calculated on a 
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Linux-based PC station by using the simulated annealing protocol (Shi et al., 
2004) by utilizing the Crystallography and NMR (CNS) system (Brunger et al., 
1998). The selected structures were analyzed by MolMol graphic softwares 
(Koradi et al., 1996).    
    43
Chapter III. Results and Discussion 
 
3.1. Expression Vector Construction 
By using PCR-based gene synthesis approach, we succeeded in obtaining 
the genes with E. coli preferred codons which encoded both CHABII and its 
mutant [Phe21]-CHABII with His21 replaced by Phe. In Figure 1a, the bright 
band between 100 bp and 200 bp in lane 2 indicated the successful synthesis of 
the full-length gene fragment from four oligonucleotides after the 1st round PCR. 
And due to the addition of the two restriction sites, the product in the 2nd round 
PCR, as shown in lane 1, had a reasonably larger size than the 1st round PCR 
product. Subsequently, both genes and vector pGEX-4T-1 were digested for 3 h 
at room temperature and ligated at 4 ℃ for 48 h. Positive colonies selected by 
PCR experiments were further confirmed by double digestion identification 
experiments. In PCR identification (Figure 1b), 9 colonies out of the total 13 
colonies showed a positive single band in their lanes, which had the same size as 
the positive control. Due to the small size of the genes, the released bands after 
double digestions (Figure 1c) were not very bright but still quite clear and 
distinguishable. Experimental results also showed that ligations carried out at 4 
℃ were more likely to be successful than those conducted at 16 ℃ (data not 
shown).  
The gene sequences were confirmed to be correct by automated DNA 
sequencing (Figure 2a, b). 






Figure 1. pGEX-4T-1-CHABII and pGEX-4T-1-[Phe21]-CHABII vector constructions 
(a) PCR-based gene syntheses. Lane 1: 2nd round PCR product; Lane 2: 1st round PCR 
product. (b) PCR screenings for positive colonies. Lane 1-7: pGEX-4T-1-CHABII; Lane 
8-13: pGEX-4T-1-[Phe21]-CHABII; C: Positive control. (c) Double-digestion 
identifications for positive colonies. Lane 1, 3: pGEX-4T-1-CHABII; Lane 2, 4: 
pGEX-4T-1-[Phe21]-CHABII. M: 100 bp DNA standards; M’: 3 Kbp DNA standards. 
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Figure 2. Automated DNA sequencing results for pGEX-4T-1-CHABII and 
pGEX-4T-1-[Phe21]-CHABII, (a) and (b) respectively. “*”s indicate the start and the end 
of the sequence.  
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3.2. Protein Expression and Purification 
CHABII was overexpressed successfully in E.coli BL21 (DE3). As shown 
in SDS-PAGE gel (Figure 3a), after induction with 1.0 mM IPTG at 37 ℃ for 3 
h, a broad band around 30 KDa appeared in the cell lysate, indicating the 
overexpression of GST-CHABII fusion protein. Around 60% of the fusion 
protein was soluble, thus existing in the supernatant after sonication. However, 
as is well known, poorly structured small recombinant proteins are relatively 
easy to be degraded by cellular proteases during expression in E.coli. Meanwhile, 
the correct folding of CHABII depends necessarily on the formation of its two 
native disulfide bonds, which is impossible to be achieved in the reductive 
intracellular environment of E.coli expression system. Therefore, not 
surprisingly, two bands appeared obviously in the lane on SDS-PAGE gel after 
proteins were immobilized on resins during affinity chromatography, among 
which the size of the upper band corresponded to that of GST-CHABII fusion 
protein while the lower band was likely to be GST protein alone due to 
degradation. Actually, in the mini-expression experiments, degradation were 
observed after induction with IPTG only for 1 h and became more and more 
serious with the increase of incubation time (data not shown). Particularly, if the 
cells were induced with 0.3 mM IPTG at low temperature (18 ℃) overnight, 
fusion proteins were unfortunately degraded completely. Therefore, we failed to 
increase recombinant protein solubility by culturing cells under this sub-optimal 
condition. 
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Figure 3.  CHABII Expression and Purification Monitored by SDS-PAGE 
(a) Lane 1: Cells before IPTG induction; Lane 2: Cells after IPTG induction; Lane 3: 
Supernatant of cell lysate; Lane 4: Pellet of cell lysate; Lane 5: Flow-through after 
incubating the cell lysate with resins for 2h; Lane 6: Flow-through after washing resins with 
30 bed volumes of 1*PBS buffer; Lane 7: Resins after washing. (b) Lane 1: Resins before 
thrombin digestion; Lane 2: Resins after thrombin digestion; Lane 3: Eluate of released 
CHABII. M: Protein standards 
 
CHABII was released from GST-fusion protein form by in-gel thrombin 
cleavage. To avoid protein precipitation during thrombin digestion, which might 
happen due to the formation of intermolecular disulfide bonds, 1 ml resin was 
diluted into ~20 ml PBS buffer and the digestion was carried out at room 
temperature with gentle shaking. After around 4 h, digestion was almost 
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completed and most released CHABII could be easily eluted from resin, as 
shown in figure 3b. Two additional residues (Gly-Ser) were attached at the 
N-terminal of CHABII after thrombin cleavage.  The similar situation was 
observed for [Phe21]-CHABII (data not shown).  
 
3.3. Refolding of CHABII and [Phe21]-CHABII in vitro  
Released CHABII was further purified by HPLC on a RP-18 column. As 
reflected by the HPLC profile (Figure 4a), the released recombinant CHABII 
was a mixture of the correctly refolded molecules and several other species 
containing incorrect disulfide pairings.  
Both of the fractions during HPLC purification were collected, lyophylized 
and subsequently subjected to CD characterizations. The peak with retention 
time of less than 22 min showed the similar absorbance pattern as that of 
correctly-folded CHABII in the previous far-UV CD spectroscopy (Song et al., 
1999). The negative maximum at ~220 nm and the positive maximum at ~193 
nm indicated that the protein adopted its native structure as a mixture of 
α-helical and β-sheet secondary structures (Figure 4b). However, the latter 
fraction purified by HPLC with retention time of about 23 min showed a typical 
random coil curve in far-UV region, implying the incorrect pairing of disulfide 
bonds (Figure 4c). 
 




Figure 4. CHABII immediately released from in-gel thrombin-cleavage of 
GST-CHABII fusion protein.  
(a) The analytic HPLC profile on an RP-18 column. (b) and (c) The far-UV CD spectra of 
the 1st and 2nd peak appearing in the HPLC profile recorded at 20 ℃, pH 6.8, respectively. 
 
The species with incorrect disulfide pairings (Figure 5a) were further 
subjected to refolding in the redox buffer containing reduced and oxidized 
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Glutathione. The ratio between reduced and oxidized Glutathione, which is 
crucial for successful disulfide rearrangement for most disulfide-rich proteins, 
was optimized repeatedly to the final ratio of 1:10. To reduce the possibility of 
intermolecular disulfide formations and subsequent precipitations which is 
usually difficult to be recovered as mentioned above, lyophilized protein was 
dissolved into the redox buffer slowly with continuous mixing, and the final 
protein concentration, another critical factor for a good refolding yield, should 
be less than 0.1 mg/ml. Analytic HPLC was used to monitor the whole process 
of the refolding reaction, showing that the reaction equilibrium was usually 
reached after about 3 h at room temperature. The HPLC profiles also showed 
that about 20% of total protein adopted the correct disulfide pairings after one 
round refolding (Figure 5b).  To recover native protein as much as possible, 
refolding product was isolated by HPLC on a semi-preparative RP18 column 
again and two or three more round refolding reactions were further performed 
on the species with incorrect disulfide bonds. Similar situation was observed in 
the refolding of [Phe21]-CHABII (data not shown). All the lyophilized native 
proteins were finally combined together and the structure of the correctly 
refolded protein was further verified by CD characterization and NMR 
spectroscopy.  
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Figure 5. Disulfide-related refolding of CHABII monitored by HPLC on an analytic 
RP-18 column.  
(a) The HPLC profile of misfolded CHABII species before refolding. (b) The HPLC profile 
of CHABII after refolding for three hours in the redox buffer containing reduced and 
oxidized glutathione. The HPLC peak corresponding to the CHABII species with correct 
disulfide pairings was indicated. 
 
3.4. pH-induced Unfolding Characterized by CD 
Due to its high sensitivity to protein secondary structures, CD spectroscopy 
was used to detect the pH-induced effect on secondary structures of CHABII and 
[Phe21]-CHABII, if any. To make all the spectra comparable, the ellipticity 
values were converted into the mean molar ellipticity per residue using the 
following equation: 
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 ])[deg(][][ 112 −− ⋅⋅⋅∗∗∗Θ=Θ residuedmolcmnlcM rdMRW , where M is 
molecular weight, c is protein concentration, l is path length, and nr represents 
number of residues.  
At neutral pH, CD spectra of both CHABII and [Phe21]-CHABII had a 
negative maximum at ~220 nm and a positive maximum at ~193 nm, typical of a 
mixture of α-helical and β-sheet secondary structures. Comparison of CD 
spectra of [Phe21]-CHABII (Figure 6a) at different pH values showed that the 
spectra obtained at different pH were almost identical and superimposable,  
indicating that lowing the pH from 6.5 to 4.0 had no effects on the secondary 
structures of [Phe21]-CHABII. However, some slight changes in secondary 
structures of CHABII were induced with the addition of acids, as shown in 
Figure 6b. Particularly, when the spectrum of pH 4.0 was superimposed with the 
spectrum of pH 6.5, not only the decrease of the negative maximum but also a 
very small shift of the negative maximum towards random coils was observed. 
These results indicated that the pH-induced unfolding did but only slightly affect 
the secondary structures of CHABII and the replacement of His21 by Phe 
eliminated the pH-induced effect on the secondary structures of 
[Phe21]-CHABII from pH 6.5 to 4.0. 
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Figure 6. pH-induced unfolding monitored by far-UV circular dichroism (CD) 
spectroscopy. 
(a) Far-UV CD spectra of [Phe21]-CHABII at pH 6.5 (red), pH 5.5 (blue), pH 4.6 (green) 
and pH 4.0 (brown). (b) Far-UV CD spectra of CHABII at pH 6.5 (red), pH 5.5 (blue), pH 
4.6 (green) and pH 4.0 (brown).   
 
3.5. Thermal Unfolding Characterized by CD 
CD spectroscopy was also used to characterize the thermal unfolding of 
CHABII and [Phe21]-CHABII. The thermal stabilities of CHABII and 
[Phe21]-CHABII were assessed and compared by monitoring the changes of 
ellipticity at 220 nm during the thermal unfolding. Increasing temperature from 
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20 ℃ to 95 ℃ seemed not able to unfold either CHABII or [Phe21]-CHABII 
cooperatively or completely, thus making it difficult to calculate the free energy 
changes during this transition. However, the significant difference in the thermal 
stabilities of CHABII and [Phe21]-CHABII observed even at pH 6.5 was still 
very surprising. As seen in Figure 7a, the replacement of His21 with Phe led to a 
significant stabilization of [Phe21]-CHABII, with a melting temperature 
increase by ~17 degree. Also it is worthy to note that CHABII at pH 4.0 was less 
stable than at pH 6.5 (Figure 7d) while [Phe21]-CHABII was similarly stable at 
both pH values (Figure 7c). Despite the melting temperature of CHABII 
decreased by ~5 degree when pH was changed from 6.5 to 4.0, no such decrease 
was observed in [Phe21]-CHABII thermal unfolding at the different pH. 
Thermal unfolded CHABII and [Phe21]-CHABII could be easily recovered 
when the temperature came back from 95 ℃ to 20 ℃, indicating that the thermal 
unfolding of CHABII or [Phe21]-CHABII was reversible and no precipitation 
happened during the thermal unfolding (data not shown).   
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Figure 7. Thermal unfolding of CHABII and [Phe21]-CHABII at different pH values 
with a temperature range from 20 to 95 ºC followed by monitoring changes in 
ellipticity at 220 nm. 
(a) Thermal unfolding curves of CHABII (grey line) and [Phe21]-CHABII (black line) at 
pH 6.5. (b) Thermal unfolding curves of CHABII (grey line) and [Phe21]-CHABII (black 
line) at pH 4.0. (c) Thermal unfolding curves of [Phe21]-CHABII at pH 4.0 (grey line) and 
[Phe21]-CHABII at pH 6.5 (black line). (d) Thermal unfolding curves of CHABII at pH 4.0 
(grey line) and CHABII at pH 6.5 (black line). 
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3.6. NMR Resonance Assignments and Three-dimensional Structure 
Determination  
3.6.1. Sequential Assignments  
In order to obtain atomic details about the unfolding, the sequential 
assignments of the NMR spectra acquired with the unlabeled proteins were 
successfully achieved for both CHABII and [Phe21]-CHABII at pH 6.5 and 4.0 
according to the well-established sequential assignment method (Wuthrich, 
1986). The spin systems of protons in individual amino acid residues were 
identified from through-bond 1H-1H connectivities in the 2D TOCSY spectra. 
Sequential neighboring amino acid 1H spin systems were identified by the 
existences of sequential NOE connectivities, especially dαN. As an example for 
the sequential assignment, figure 8 shows the sequential dαN connectivities in 
[Phe21]-CHABII at pH 4.0.  
All spin systems of CHABII and [Phe21]-CHABII were observed at pH 6.5 
and pH 4.0 and 20 ℃, except the residues S10, K11 and N30 of CHABII at pH 
6.5, S10 and G26 of CHABII at pH 4.0, S10 and N30 of [Phe21]-CHABII at pH 
6.5. The disappearances of these spin systems were mainly due to either the 
intermediate exchange these residues underwent under certain conditions or the 
rapid exchange between the amide protons and protons in water.  
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Figure 8.  NOESY spectrum of [Phe21]-CHABII (500 MHz, mixing time of 250 ms) 
acquired at pH 4.0 and 20 ℃.  
The numbers indicate the position of the intraresidual NH/Hα cross peaks. The sequential 
dαN connectivities are shown for segment from 1-37 of [Phe21]-CHABII except for 10-11. 
 
3.6.2. Conformational shifts 
As mentioned previously, the CαH chemical shifts are quite useful for 
identifying the existence of secondary structures in folded proteins. 
Conformational shifts, which are calculated by subtracting the random coil 
chemical shift values from the experimental chemical shifts, are characteristic 
for α-helix or β-sheet. Figure 9 shows the CαH conformational shifts, ∆CαH, of 
each residue in CHABII and [Phe21]-CHABII at pH 6.5 or pH 4.0. The negative 
∆CαH values for K11-L20 indicated the presence of α-helix in this region; the 
positive ∆CαH values for G26-M29, K32-Y36 supported the β-sheet 
propensities in these segments.  
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Figure 9. CαH conformational shifts of CHABII and [Phe21]-CHABII at 20 ºC.   
(a) CαH conformational shifts of [Phe21]-CHABII at pH 6.5 (black bars) and pH 4.0 (grey 
bars).  (b) CαH conformational shifts of CHABII at pH 6.5 (black bars) and pH 4.0 (grey 
bars). 
 
Comparison of ∆CαH values at pH 6.5 and pH 4.0 for both CHABII and 
[Phe21]-CHABII showed: 1) for CHABII and [Phe21]-CHABII, the patterns of 
the conformational shifts are very similar at pH 6.5, indicating that the 
replacement of His21 with Phe induced no major change in secondary structures; 
2) For [Phe21]-CHABII, conformational shifts at pH 6.5 and 4.0 are almost 
identical, suggesting that almost no change in secondary structures occurred 
when the pH was lowered down from 6.5 to 4.0. On the other hand, for CHABII, 
conformational shifts underwent some slight changes when the pH was lowered 
down from 6.5 to 4.0. For example, at pH 4.0, the CαH chemical shift of Lys11 
was more close to the random coil value than that at pH 6.5, indicating that a 
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slight unfolding of the secondary structure took place for Lys11. Nevertheless, if 
judged from the overall conformational shift patterns at two pH values, it could 
be concluded that even for CHABII only very minor unfolding of the secondary 
structures occurred when pH was lowered to 4.0. This is completely consistent 
with the results obtained by CD characterization. 
 
   3.6.3. NOE Patterns and Assignments 
Certain NOE contact patterns can also provide useful information about the 
presence of secondary structures. For CHABII at pH 6.5, [Phe21]-CHABII at 
both pH 6.5 and pH 4.0, dNN(i, i+1) and dαN(i,i+3) contacts were easily observed over 
the segment A13-L20, characteristic of the presence of the α-helical structure. 
However, dNN(i, i+1) contacts were hardly detected from S10 to E12, indicating the 
distortion of the helix as previously reported (Song et al., 1997). Besides that, 
strong dαN(i,i+1) and dβN(i,i+1) NOEs along the stretches G26-M29 and K32-Y36 
suggested the presence of the β-strands. Interestingly, for CHABII, although lots 
of NOEs disappeared at pH 4.0 due to the disruptions of the tight sidechain 
packing, strong dNN(i, i+1) connectivities still existed for V16-C17, Q18-L20, 
confirming the persistence of the helical structure at pH 4.0.  
Serious line broadening was observed in NMR spectra of CHABII when 
pH was adjusted from 6.5 to 4.0. Figure 10a shows the superimposition of 
NHCH regions of CHABII 2D-NOESY spectra obtained at pH 6.5 and 4.0 
respectively. Obviously, due to the line broadening, extensive NOEs of CHABII 
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disappeared globally at pH 4.0, typical of the molten globule state with 
fluctuating structures. Similarly, in NHNH region, as shown in Figure 10b, most 
inter-residue NOEs could not be detected when pH was lowered down to 4.0, 
indicating the great loss of tight packing of CHABII in the low pH environment.   
Significantly, in a sharp contrast, pH change seemed to bring little effect to 
the structure of [Phe21]-CHABII. No line broadening was observed in 
2D-NOESY spectrum of [Phe21]-CHABII at pH 4.0. More strikingly, when 
NHCH regions of the two 2D-NOESY spectra of [Phe21]-CHABII, which were 
also obtained at two different pH values, i.e. pH 6.5 and 4.0, were compared, 
most NOE peaks were completely superimposable even without any shifts in 
their NH dimensions, which are considered quite sensitive and variable with the 
environmental conditions (Figure 10c). Figure 10d also clearly indicates the 
persistence of the tight packing of [Phe21]-CHABII at pH 4.0 by superimposing 
the NH-NH region of the two 2D-NOESY spectra of [Phe21]-CHABII at pH 6.3 
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Figure 10. Superimposition of 2D NOESY spectra of CHABII and [Phe21]-CHABII 
recorded at 20 ℃ and pH 6.5 (blue) and pH 4.0 (red) respectively.  
(a) NHCH region of CHABII; (b) NHNH region of CHABII; (c) NHCH region of 
[Phe21]-CHABII; (d) NHNH region of [Phe21]-CHABII. 
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Figure 11.  NOE constraints of CHABII and [Phe21]-CHABII at 20 ºC.   
(a) NOE constraints of [Phe21]-CHABII at pH 6.5; (b) NOE constraints of 
[Phe21]-CHABII at pH 4.0; (c) NOE constraints of CHABII at pH 6.5; and (d) NOE 
constraints of CHABII at pH 4.0. Sequential NOEs (blue bars), medium NOEs (purple bars) 
and long-range NOEs (yellow bars). 
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Although line broadening happened upon CHABII at low pH, CHABII 
model is still of great importance since all NOEs at different pH values could be 
unambiguously assigned. Such uniqueness of CHABII thus makes it possible to 
visualize the atomic details of the gradual disruption of the tight side-chain 
packing. Figure 11 presents NOE contacts of CHABII and [Phe21]-CHABII at 
pH 6.5 and 4.0 respectively. As seen from Figure 11a and Figure 11b, the 
numbers and distribution patterns of NOEs of [Phe21]-CHABII at two pH 
values were extremely similar, indicating that no significant change occurred in 
its side chain packing during the pH change from 6.5 to 4.0. This result provided 
the most convincing evidence to indicate that for [Phe21]-CHABII no detectable 
unfolding took place from pH 6.5 to 4.0. On the other hand, the numbers and 
distributions of NOEs of CHABII changed dramatically when the pH was 
lowered from 6.5 to 4.0. For CHABII at pH 4.0, a large number, in particular 
medium-range and long-range NOEs, disappeared, clearly revealing that the 
molecule underwent a severe disruption of the tight side chain packing.  
However, a close examination revealed that some medium- and long-range 
NOEs still persisted which defined both a highly-native secondary structure and 
tertiary topology as previously observed (Song et al., 1999), for an instance, 
long-range NOE contacts could be observed between Thr3 and His21, Cys17 
and His21, Cys17 and Thr23, Trp14 and Arg25, Ala13 and Lys27, Ala13 and 
Cys28, Val16 and Ala33, Ala13 and Ala33, Thr23 and Cys35, Gly26 and Tyr36, 
Lys27 and Tyr36, His21 and Cys35. Very surprisingly, as seen in Figure 11a and 
    65
Figure 11c, the replacement of His21 by Phe resulted in a significant increase in 
the NOE numbers in [Phe21]-CHABII. This suggested that the replacement has 
significantly enhanced the packing interaction in [Phe21]-CHABII. 
    
3.6.4. 3D Structural Determination 
To assess this in more details, we determined NMR structures of 
[Phe21]-CHABII at both pH 6.5 and 4.0, as well as the structure of CHABII at 
pH 6.5. 
For each structure determination, 100 structures were calculated from the 
NMR constraints shown in Table 1 with a simulated annealing protocol by the 
Crystallography and NMR system. All distance violations are less than 0.5 Å 
and dihedral angle violations are less than 5º. Structural statistics for the 10 
lowest energy structures are detailed in Table 1. Due to more NOEs observed for 
[Phe21]-CHABII, at pH 6.5, the averaged backbone RMS derivation 
superimposed over residues 2-36 of the 10 lowest-energy structures of 
[Phe21]-CHABII is 0.29 Å, much smaller than that for CHABII (0.52 Å). 
Furthermore, the NMR structures of [Phe21]-CHABII at pH 4.0 showed no 
significant difference from those at pH 6.5. Owing to the conformational 
heterogeneity and extensive disappearance of NOEs, it is impossible to 
determine the NMR structure of CHABII at pH 4.0. Figure 12 a-c represent 
superimposition of the 10 lowest energy NMR structures of [Phe21]-CHABII at 
pH 6.5 and pH 4.0 as well as CHABII at pH 6.5, respectively. Comparison of 
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NMR structures of CHABII and [Phe21]-CHABII at pH 6.5 indicated that only 
the N-terminal residues Gln1 to Asn4 had a relatively-large difference (Figure 
11d). A close examination of this structural change with reference to NOE 
constraints revealed that it could be attributed to the appearance of new NOE 
contacts between the aromatic ring of Phe21 and other residues upon the 
replacement of His21 by Phe. 
 
Table 1. NMR restraints used for structure calculation and structural statistics for the 
10 selected lowest-energy structures. 
Restraints for structure determination 
 [Phe21]-CHABII  
at pH 6.5 
[Phe21]-CHAB
II  at pH 4.0 
CHABII        
at pH 6.5 
NOE distance constraints 278 289 194 
Sequential  128 138 91 
Medium range(∣i-j∣≤4) 56 55 29 
Long range(∣i-j∣≥5) 94 96 74 
Statistics for structure calculation  
Final energy(kcal*mol-1) 
E(total) 123.2±6.7 149.0±5.4 100.8±5.9 
E(bond) 5.6±0.5 6.9±0.5 4.3±0.4 
E(angle) 37.7±4.2 45.9±3.2 31.9±2.4 
E(improper) 9.8±1.3 15.5±2.1 6.1±1.2 
E(VDW) 38.8±5.6 41.6±3.2 33.3±4.8 
E(NOE) 28.1±5.5 35.1±4.2 22.3±5.1 
Root mean square derivations from idealized geometry 
Bond(Å) 0.003±0.0001 0.003±0.0001 0.003±0.0001 
Angle(degree) 0.476±0.0260 0.526±0.0181 0.439±0.0167 
Improper(degree) 0.447±0.0296 0.561±0.0381 0.352±0.0343 
NOE(Å) 0.045±0.0042 0.049±0.0029 0.047±0.0056 
Average RMSD(Å) from the lowest-energy structure for backbone/heavy atoms 
Whole(2-36) 0.289/0.885 0.306/0.940 0.518/1.171 
Secondary Strucuture 
(10-20,25-29&32-36)   
0.246/0.859 0.254/0.964 0.356/1.038 
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Figure 12.  NMR solution structures of [Phe21]-CHABII and CHABII as represented 
in ribbon mode.  
(a) Superimposition of the10 lowest-energy structure of [Phe21]-CHABII at pH 6.5.  (b) 
Superimposition of the10 lowest-energy structure of [Phe21]-CHABII at pH 4.0.  (c) 
Superimposition of the10 lowest-energy structure of CHABII at pH 6.5.  (d) 
Superimposition of the lowest-energy structures of [Phe21]-CHABII (red) and CHABII 
(yellow) at pH 6.5. 
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Figure 13.  NOESY spectra showing the NOE contacts with aromatic protons of 
His21 in CHABII or Phe21 in [Phe21]-CHABII.  
(a) Spectrum for CHABII at pH 6.5; (b) Spectrum for CHABII at pH 4.0; (c) Spectrum for 
[Phe21]-CHABII at pH 6.5; d) Spectrum for [Phe21]-CHABII at pH 4.0.  The spectra were 
acquired at pH 6.5 and 4.0 with a mixing time of 250 ms. 
 
As clearly shown in Figure 13, although the imidazole ring of His21 had a 
similar volume as the Phe phenyl ring, the ring protons of Phe21 had much more 
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NOE contacts with other residues than those of His21. For example, in CHABII, 
the ring protons of His21 had sequential NOEs with Leu20 and several medium- 
and long-range NOEs with Thr3, Cys17 and Cys35. However, in 
[Phe21]-CHABII, the ring protons of Phe21 had additional long range NOE 
contacts with residues Gln1, Val5 and Val16.  
Moreover, it also appeared that the replacement of His21 by Phe reduced 
the flexibility of the loop over residues from His21/Phe21 to Thr23. This was 
evident from the observation that at pH 6.5, the Asn22 spin system of CHABII 
was not detectable over NH region. In contrast, in [Phe21]-CHABII, the Asn22 
spin system could be clearly assigned and 8 additional interresidue NOEs were 
observed with Asn22. Thus, minor structural differences observed for 
[Phe21]-CHABII could be readily assigned to the appearance of additional NOE 
contacts upon introduction of Phe21. 
 
3.7. pH-induced unfolding monitored by HSQC spectroscopy 
1H-15N heteronuclear NMR HSQC spectroscopy was extensively used to 
monitor protein folding/unfolding because it is able to offer quick but 
residue-specific information about protein folding/unfolding intermediates (Wu 
et al., 1998; Balbach et al., 1996). Therefore, the pH-induced unfolding for 
CHABII and [Phe21]-CHABII were investigated by HSQC spectroscopy at 
different pH values. Peaks in HSQC spectra were easily assigned by assigning 
spin systems in 1H-15N HSQC-TOCSY spectra and using 2D 1H-TOSCY spectra 
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assignment as references. As seen in Figure 14a, the HSQC spectrum of 
[Phe21]-CHABII at pH 6.5 was well-dispersed, with ~2 ppm over the proton 
dimension and ~22 ppm over the 15N dimension, indicating that the protein was 
well-packed. Interestingly, the HSQC spectrum of [Phe21]-CHABII at 4.0 
(Figure 14b) was almost superimposable to that at pH 6.5, except that at pH 4.0 
the HSQC peaks corresponding to the amide protons of Asn30, S10 and the NH 
protons of Arg19, Arg25 and Arg34 side chains appeared due to the slowing 
down of the exchange with bulk water at acidic pH. This observation provided 
the residue-specific evidence that [Phe21]-CHABII had no detectable unfolding 
from pH 6.5 to pH 4.0. 
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Figure 14. 1H-15N HSQC NMR spectra of [Phe21]-CHABII at 20 ºC.  
(a) HSQC spectrum of [Phe21]-CHABII at pH 6.5; (b) at pH 4.0. Sequential assignments 
were labeled in the spectra. 
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In a sharp contrast, as shown in Figure 15, for CHABII the HSQC spectra 
changed dramatically when the pH was stepwise lowered down from 6.5 to 4.0, 
with resonance peaks broadened and disappeared in a gradual manner.  At pH 
6.5, the spectral dispersion was very good and comparable to that of 
[Phe21]-CHABII (Figure 15a), indicating that CHABII was also well-packed at 
pH 6.5.  However, when the pH was lowered to 5.5, the resonance peaks 
corresponding to residues Thr8, Thr23 located on the loops and residues Ly27, 
Cys28, Arg34 located on the β-strands disappeared (Figure 15b and Figure 16b). 
When the pH was further lowered to 4.6, more HSQC peaks disappeared which 
included those corresponding to residues Ala13, Trp14, Arg19 on the α-helix, 
Gly26, Cys35 on the β-strands (Figure 15c and Figure 16c). When the pH finally 
reached 4.0, HSQC peaks corresponding to residue Thr9, Leu20 on the loops 
and residues Glu12 on the α-helix and Met29, Lys31, Ala33 on the β-strand 
further disappeared (Figure 15d and Figure 16d). Consequently at pH 4.0 the 
HSQC spectral dispersion reduced significantly, with only ~1 ppm over the 
proton dimension and 10 ppm over the 15N dimension. The results clearly 
indicated the side-chain packing of CHABII was disrupted gradually with the 
pH lowered down stepwise from 6.5 to 4.0, finally giving rise to a 
poorly-dispersed HSQC spectrum at pH 4.0. It is very striking to note that the 
HSQC spectrum of CHABII at pH 4.0 was very similar to those which were 
usually accepted to be typical of severely or even “completely unfolded” 
proteins. 
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Figure 15. pH-induced unfolding of CHABII followed by 1H-15N HSQC NMR 
spectroscopy at 20 ºC.  
(a) HSQC spectrum of CHABII at pH 6.5; (b) at pH 5.5; (c) at pH 4.6; (d) at pH 4.0.  
Sequential assignments were labeled in the spectra. 
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Figure 16.  Structural visualization of the gradual disappearance of HSQC peaks at 
20 ºC and different pH values.  
(a) Three-dimensional structure of CHABII at pH 6.5; (b) at pH 5.5; (c) at pH 4.6; (d) at pH 
4.0.  The residues with HSQC peaks disappeared were colored in yellow. 
 
3.8. Discussion 
The molten globule states of several model proteins including 
apomyoglobin (Jennings et al., 1993; Kay et al., 1996), lysozome (Radford et al., 
1991; Radford et al., 1992), α-lactabumin (Kuwajima, 1989; Peng et al., 1994; 
Song et al., 1998), and cytochrome c (Bai, 1999; Maity et al., 2004), have 
served as the prototype of protein folding intermediates and extensive studies 
have been dedicated to their structural, thermodynamic, kinetic and theoretical 
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aspects. In general, many proteins adopted molten globule states under medium 
denaturing conditions, in particular at acidic pH. To this end, the molecular 
mechanism of the acid-induced unfolding has been intensively addressed and the 
role of histidine residue in the acid-induced unfolding was fully recognized 
(Barrick et al., 1994; Geierstanger et al., 1998; Garcia et al., 2002). For example, 
the contribution of the histidine residues to the formation of the molten globule 
of apomyoglobin at acidic pH values was exhaustively assessed. The results 
indicated that the histidine residues were involved in the formation of hydrogen 
bond networks in apomyoglobin and the protonation/deprotonation of these 
histidine residues modulated the transition between the native state and molten 
globule in acid-induced unfolding by disrupting hydrogen networks. In our 
current study, we have also identified His21 to be the critical residue for the 
pH-induced unfolding of CHABII by mutating the residue His21 to Phe and 
subsequently demonstrating that this replacement abolished the pH-induced 
unfolding from pH 6.5 to 4.0. However, in our case, it appears that although 
His21 was responsible for the pH-induced unfolding, the underlying molecular 
mechanism is very different from that observed for apomyoglobin. In CHABII, 
no hydrogen bond existed between the imidazole ring of His21 and other residue 
at the pH 6.5. Instead, based on the NMR structure of CHABII it was established 
that His21 served as a component of the conserved hydrophobic core which has 
been previously proposed to be critical for the structure and stability of this 
conserved α/β motif (Song et al., 1997). On the other hand, it was 
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well-documented that the side chain hydrophobicity of Histidine is not as strong 
as those of other hydrophobic residues such as Leu, Val, Ile and Phe.  
Consequently, even at pH 6.5 the tertiary packing interaction of the CHABII 
hydrophobic core might not be optimistically stabilized due to the presence of 
the His21 side chain. This notion was strongly supported by the observation that 
the thermal stability of CHABII was much less than that of [Phe21]-CHABII at 
pH 6.5. When the pH was further lowered down, the His21 imidazole ring would 
be progressively protonated and thus became increasingly charged which would 
destabilize the hydrophobic core in a gradual manner. This destabilization would 
provoke the conformational dynamics on the µs-ms time scale which caused the 
gradual disappearance of NOE contacts in CHABII. Therefore, the current study 
revealed an alternative molecular mechanism for the pH-induced unfolding 
triggered by the protonation of the Histidine side chain and also highlighted the 
case-dependent mechanism for the formation of the acid-induced molten 
globule.   
 Although NMR spectroscopy represents one of the most powerful tools to 
characterize protein structures in solution, it still remains a challenging task to 
study the molten globule or partially-folded states by NMR (Dyson et al., 2004; 
Redfield, 2004). The severe resonance broadening due to the conformational 
exchanges on the µs-ms time scale in the partially-folded proteins made many 
NMR peaks undetectable, in particular when the protein sizes are relatively large.  
For example, less than ten HSQC peaks could be detected for the acid-induced 
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molten globule state of the 123-residue human α-lactalbumin (Schulman et al., 
1997). Not surprisingly, such kind of observations together with other 
spectroscopic results led to the classic definition that the molten globule state 
only had a native-like secondary structure but lacked a native-like topology.  
However, later studies by combining molecular biology and biophysical 
methods revealed that the molten globule state also had a rudimentary 
native-like topology, probably constrained by hydrophobic packing cores (Wu et 
al., 1998; Song et al., 1999). In the present study, the successful isotope labeling 
allowed to visualize the pH-induced unfolding of CHABII by 1H-15N HSQC 
spectroscopy. It appears that at pH 5.5 the unfolding started at several discrete 
points located over the whole molecule and these initial unfolding points 
underwent extensions to large regions with the pH further lowered down.  
Finally, at pH 4.0 many HSQC peaks disappeared and the HSQC spectrum of 
CHABII had a very narrow dispersion and significantly-broadened resonance 
peaks which were previously thought to be typical of severely or even 
“completely unfolded” proteins. Nevertheless, the unambiguous assignments of 
NOESY spectra led to identification of persistent medium- and long-range 
NOEs which defined a highly native topology of CHABII at pH 4.0. Therefore, 
our current results strongly implied that the degree of the native-like tertiary 
topology in partially-folded or even “completely unfolded” proteins was 
significantly underestimated by the previous characterizations. It is highly 
possible that as recently proposed, a large population of proteins still maintained 
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a native-like tertiary topology under a variety of denaturing conditions (Denisov 
et al., 1999; Shortle et al., 2001; Bu et al., 2002). The broadening and 
disappearance of NMR peaks observed for many partially-folded or even 
“completely-unfolded” proteins might just result from a slight increase of 
conformational dynamics on the µs-ms time scales, rather than from the 
disordered tertiary topology as usually accepted.   
 As also demonstrated by the structure determination, the replacement of 
His21 by Phe with a similar side chain volume induced no significant 
rearrangement of the three-dimensional structure of [Phe21]-CHABII.  
However, the introduction of Phe with a higher side chain hydrophobicity did 
dramatically enhance the packing interaction of the conserved hydrophobic core, 
as clearly indicated by the significant increase in NOE contacts in 
[Phe21]-CHABII. Surprisingly, this enhancement on the hydrophobic packing 
interaction significantly increased the thermal stability of the [Phe21]-CHABII 
molecule. Therefore, our results support the theory that the improvement of the 
hydrophobic core packing represented an important strategy to stabilize proteins 
found in thermophilic organisms (Jaenicke et al., 1998; Vieille et al., 2001) and 
consequently to enhance the hydrophobic packing might provide a promising 
avenue to engineer thermal stable proteins without significantly affecting their 
three-dimensional structures for industry application. Certainly this observation 
also strongly highlighted the complexity of the determinant of protein thermal 
stability thus implying the limitation to rationalize protein stability only based 
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on three-dimensional structure knowledge. 
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Appendix I 
Proton Chemical Shifts of CHABII at pH 6.3 and 293 K 
 
 NH Hα Hβ Hγ others 
Gln1 8.600 4.386 1.619 1.887 δNH2: 7.277
   1.485  δNH2: 6.653
Phe2 8.784 4.646 3.172  2,6H: 7.221 
   2.991  3,5H: 7.292 
Thr3 7.901 4.654 4.268 1.178  
Asn4 8.612 4.835 2.959  δNH2: 7.624
   2.747  δNH2: 6.935
Val5 8.365 4.071 2.037 0.995  
    0.921  
Ser6 8.530 4.946 3.937   
   3.842   
Cys7 7.970 4.780 3.275   
   2.758   
Thr8 9.416 4.512 4.260 1.202  
Thr9 7.823 4.898 4.575 1.206  
Ser10   4.062   
   3.939   
Lys11  3.547 1.648 1.345  
Glu12 7.630 4.082 2.117 2.277  
Ala13 7.485 3.905 1.344   
Trp14 8.628 4.110 3.455  1NH: 9.972 
     2H: 7.068 
     4H: 7.634 
     5H: 7.115 
     6H: 7.217 
     7H: 7.497 
Ser15 7.731 4.102 4.008   
Val16 7.888 3.637 2.099 1.016  
    0.885  
Cys17 8.499 4.339 2.999   
   2.841   
Gln18 8.290 3.866 1.908 2.085 δNH2: 7.091
     δNH2: 6.646
Arg19 7.485 4.094 1.895 1.683 δCH2: 3.184
    1.612 εNH: 7.225
Leu20 8.217 4.165 1.596 1.016 δCH3: 0.850
     δCH3: 0.764
His21 7.931  3.283  4H: 6.822 
    90
   2.866  2H: 7.824 
Asn22 8.069 4.646 3.038  δNH2: 7.601
   2.710  δNH2: 6.846
Thr23 7.548 4.641 4.205 1.079  
Ser24 8.295 4.536 3.795   
Arg25 8.021 4.244 1.643 1.483  
    1.372  
Gly26 7.800 5.081    
  3.771    
Lys27 9.094 4.662 1.848 1.400  
   1.735   
Cys28 9.105 4.835 2.866   
   2.510   
Met29 8.730 4.774 2.034 2.384  
   1.723   
Asn30  4.333 2.984   
   2.752   
Lys31 8.628 3.992 2.247 1.356  
   2.103   
Lys32 7.657 5.140 1.714 1.273  
   1.470   
Ala33 8.452 4.509 1.210   
Arg34 9.266 4.891 1.730 1.333  
   1.596   
Cys35 8.557 5.481 3.125   
   2.368   
Tyr36 8.401 4.898 3.077  2,6H: 6.979 
   2.686  3,5H: 6.584 
Ser37 8.252 4.291 3.845   
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Appendix II 
Proton Chemical Shifts of CHABII at pH 4.0 and 293 K 
 
 NH Hα Hβ Hγ others 
Gln1 8.634 4.398 1.811 2.116 δNH2: 7.407
   1.726  δNH2: 6.738
Phe2 8.691 4.686 3.168  2,6H: 7.236 
   2.997  3,5H: 7.313 
Thr3 7.958 4.558 4.230 1.130  
Asn4 8.557 4.860 2.944  δNH2: 7.626
   2.746  δNH2: 6.943
Val5 8.364 4.135 2.095 0.974  
    0.914  
Ser6 8.476 4.905 3.934   
   3.853   
Cys7 8.011     
Thr8 9.192 4.492 4.285 1.219  
Thr9 7.778 4.905    
Ser10      
Lys11 8.134 3.849 1.733 1.391  
   1.633   
Glu12 7.719 4.115  2.336  
Ala13 7.574 3.929 1.361   
Trp14 8.661 4.082 3.457  1NH: 10.049
     2H: 7.186 
     4H: 7.622 
     5H: 7.090 
     6H: 7.201 
     7H: 7.485 
Ser15 7.892 4.071 3.994   
Val16 7.832 3.644 2.115 1.012  
    0.875  
Cys17 8.315 4.286 2.964   
   2.751   
Gln18 8.312 3.937 1.851 2.041 δNH2: 7.052
     δNH2: 6.712
Arg19 7.440 4.079 1.875 1.715 δCH2: 3.179
    1.607 εNH: 7.189
Leu20 7.838 4.193 1.700 1.200 δCH3: 0.846
   1.608  δCH3: 0.774
His21 8.135 4.748 3.337  4H: 7.130 
   3.089   
    92
Asn22 8.526 4.664 2.953  δNH2: 7.606
   2.787  δNH2: 6.902
Thr23 7.755 4.499 4.293 1.127  
Ser24 8.315 4.526 3.809   
   3.774   
Arg25 8.175 4.177 1.700 1.603 δCH2: 3.037
    1.441 εNH: 7.049
Gly26  5.165    
  3.644    
Lys27 9.003 4.642 1.851 1.398  
   1.743   
Cys28 9.080 4.883 2.885   
   2.534   
Met29 8.747 4.758 2.043 2.397  
   1.754   
Asn30 9.558 4.350 2.980   
   2.745   
Lys31 8.599 4.028 2.237 1.378  
   2.096   
Lys32 7.685 5.106 1.724   
   1.474   
Ala33 8.531 4.481 1.224   
Arg34 9.242 4.886 1.733 1.357 δCH2: 2.912
   1.650  εNH: 6.931
Cys35 8.589 5.531 3.199   
   2.504   
Tyr36 8.550 4.865 3.096  2,6H: 7.008 
   2.749  3,5H: 6.592 
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Appendix III 
Proton Chemical Shifts of [Phe21]-CHABII at pH 6.3 and 293 K 
 
 NH Hα Hβ Hγ others 
Gln1 8.624 4.373 1.607 1.787 δNH2: 7.111
   1.361  δNH2: 6.592
Phe2 8.774 4.635 3.159  2,6H: 7.220 
   2.990  3,5H: 7.283 
Thr3 7.823 4.674 4.276 1.081  
Asn4 8.686 4.924 2.977  δNH2: 7.633
   2.751  δNH2: 6.937
Val5 8.420 4.039 2.036 1.036  
    0.971  
Ser6 8.565 4.945 3.934   
   3.843   
Cys7 7.978 4.766 3.249   
   2.772   
Thr8 9.406 4.518 4.270 1.215  
Thr9 7.782 4.874 4.579 1.208  
Ser10   4.066   
   3.924   
Lys11 7.986 3.524 1.636 1.347  
Glu12 7.637 4.072 2.146 2.290  
    2.236  
Ala13 7.507 3.900 1.355   
Trp14 8.677 4.077 3.457  1NH: 9.936 
     2H: 7.034 
     4H: 7.685 
     5H: 7.144 
     6H: 7.238 
     7H: 7.519 
Ser15 7.692 4.144 4.048   
Val16 7.978 3.657 2.153 1.050  
    0.924  
Cys17 8.622 4.510 3.077   
   2.863   
Gln18 8.293 3.962 1.974 2.168 δNH2: 7.166
     δNH2: 6.640
Arg19 7.758 4.077 1.881 1.695 δCH2: 3.187
    1.594 εNH: 7.224
Leu20 8.411 4.074 1.546 0.786 δCH3: 0.679
   1.402  δCH3: 0.474
    94
Phe21 7.802 4.871 3.472  3,5H: 7.145 
   2.821  2,6H: 7.302 
     4H: 7.222 
Asn22 7.922 4.691 3.164  δNH2: 7.590
   2.707  δNH2: 6.826
Thr23 7.478 4.709 4.163 1.092  
Ser24 8.236 4.517 3.836   
Arg25 7.797 4.225 1.610 1.445 δCH2: 3.045
    1.384 εNH: 7.037
Gly26 7.715 4.931    
  3.922    
Lys27 9.094 4.679 1.856 1.451  
   1.735 1.384  
Cys28 9.083 4.863 2.862   
   2.517   
Met29 8.756 4.777 2.034 2.369  
   1.714   
Asn30  4.320 2.980   
   2.762   
Lys31 8.633 3.990 2.258 1.372  
   2.100   
Lys32 7.653 5.157 1.735 1.268  
   1.471   
Ala33 8.475 4.511 1.197   
Arg34 9.262 4.934 1.733 1.290 δCH2: 2.788
   1.577 1.210 εNH: 6.944
Cys35 8.463 5.439 3.175   
   2.195   
Tyr36 8.292 4.889 3.065  2,6H: 6.944 
   2.671  3,5H: 6.572 
Ser37 8.194 4.281 3.838   
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Appendix IV. 
Proton Chemical Shifts of [Phe21]-CHABII at pH 4.0 and 293 K 
 
 NH Hα Hβ Hγ others 
Gln1 8.591 4.357 1.583 1.748 δNH2: 7.090
   1.326  δNH2: 6.594
Phe2 8.765 4.657 3.161  2,6H: 7.224 
   2.994  3,5H: 7.276 
Thr3 7.827 4.684 4.246 1.087  
Asn4 8.696 4.933 2.974  δNH2: 7.633
   2.748  δNH2: 6.934
Val5 8.427 4.045 2.039 1.031  
    0.970  
Ser6 8.559 4.941 3.942   
   3.839   
Cys7 7.980 4.778 3.250   
   2.770   
Thr8 9.288 4.520 4.269 1.203  
Thr9 7.754 4.874 4.580 1.205  
Ser10 9.199 4.828 4.061   
   3.912   
Lys11 7.957 3.523 1.639 1.344  
Glu12 7.626 4.073 2.146 2.345  
    2.289  
Ala13 7.482 3.903 1.345   
Trp14 8.640 4.079 3.461  1NH: 9.926 
     2H: 7.035 
     4H: 7.686 
     5H: 7.146 
     6H: 7.233 
     7H: 7.509 
Ser15 7.718 4.145 4.053   
Val16 7.981 3.659 2.148 1.048  
    0.922  
Cys17 8.596 4.508 3.073   
   2.875   
Gln18 8.295 3.950 1.974 2.167 δNH2: 7.170
     δNH2: 6.642
Arg19 7.758 4.078 1.896 1.670 δCH2: 3.199
    1.586 εNH: 7.224
Leu20 8.410 4.069 1.548 0.786 δCH3: 0.674
   1.398  δCH3: 0.446
    96
Phe21 7.799 4.882 3.465  3,5H: 7.145 
   2.820  2,6H: 7.299 
     4H: 7.221 
Asn22 7.919 4.701 3.162  δNH2: 7.591
   2.710  δNH2: 6.830
Thr23 7.479 4.719 4.149 1.089  
Ser24 8.232 4.518 3.831   
Arg25 7.821 4.239 1.641 1.470 δCH2: 3.048
    1.393 εNH: 7.031
Gly26 7.727 4.929    
  3.936    
Lys27 9.093 4.681 1.856 1.451  
   1.739 1.405  
Cys28 9.029 4.883 2.842   
   2.516   
Met29 8.757 4.762 2.040 2.375  
   1.713   
Asn30 9.553 4.322 2.978   
   2.763   
Lys31 8.633 3.990 2.255 1.356  
   2.100   
Lys32 7.653 5.155 1.731 1.268  
   1.482   
Ala33 8.465 4.512 1.194   
Arg34 9.250 4.933 1.723 1.316 δCH2: 2.848
   1.589 1.245 δCH2: 2.784
     εNH: 6.954
Cys35 8.476 5.431 3.147   
   2.209   
Tyr36 8.266 4.899 3.061  2,6H: 6.954 
   2.674  3,5H: 6.559 
Ser37 8.199 4.282 3.834   
   3.714   
 
 
